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1.  INTRODUCTION: 


i 


Irradiation-induced  defects  in  bulk  III-V  semiconductors  have  been  the  subject  of 
many  research  interests  in  the  last  three  decades  or  so.  However,  the  irradiation  effect  on 
interfaces  in  superlattices  and  heterojunctions  and  on  various  transitions,  such  as 
intersubband  and  interband  transitions,  in  multiple  quantum  wells  have  received  little 
attention  thus  far.  Gamma-ray,  electron,  neutron,  and  proton  irradiation  effects  on  the 
intersubband  transitions  in  InGaAs/AlGaAs  multiple  quantum  wells  have  been  recently 
reported.  A  recent  report  on  the  proton  irradiation  effect  on  GaAs  quantum  well  lasers 
indicates  that  there  is  a  wavelength  shift  in  the  lasing  spectra. 

The  interest  in  irradiation  effects  on  multiple  quantum  wells  and  superlattices 
spurs  from  the  fact  that  many  devices  based  on  III-V  semiconductor  quantum  wells  and 
superlattices  are  components  in  systems  used  for  space  applications.  For  example,  focal 
plane  arrays  fabricated  from  GaAs  related  multiple  quantum  wells  for  long  wavelength 
application  is  a  sensor  used  in  space  for  various  applications.  The  prolonged  operation  of 
such  devices  in  space  environment  may  results  in  degradation  due  to  electron,  proton, 
neutron  and  gamma-ray  radiation.  Thus,  it  is  desired  to  study  multiple  quantum  well 
structures  that  form  the  basis  of  long  wavelength  infrared  detectors,  under  the  influence 
of  various  radiation  effects. 

Proton  irradiation  effect  on  the  intersubband  transitions  in  ni-V  semiconductor 
quantum  wells  is  investigated  thoroughly  during  the  last  three  years.  The  desire  to  study 
this  effect  is  based  on  two-folds.  First,  intersubband  transitions  form  the  basis  of  a  new 
generation  of  long  and  very  long  wavelength  infrared  detectors.  Second,  space 
application  is  one  of  the  most  recent  uses  of  this  class  of  detectors,  hence  the  survivability 
of  these  detectors  in  space  and  radiation  environment  becomes  very  important.  Charge 
ionization  and  atomic  displacement  are  the  most  important  effects  in  irradiated 
semiconductor  materials  and  devices.  Charge  ionization  plays  a  major  role  in  the  device 
performance  since  irradiation  induced  charge-accumulation  has  a  detriment  effect  on 
electronic  and  optoelectronic  devices.  Generally  speaking,  the  charge  ionization  effect  is 
sensitive  to  the  temperature  (Ti)  at  which  the  irradiation  is  performed.  On  the  other  hand, 
irradiation  induced  atomic  displacement  affect  both  devices  and  materials.  It  is  more 
profound  at  high  doses  and  less  sensitive  to  Tj. 


2.  Photoluminescence  Measurements  of  Interband  Transition  in  Fast  Neutron 
Irradiated  Ino.07Gao.93As/Alo.4Gao.6As  Multiple  Quantum  Wells: 

In  this  section,  we  present  photoluminescence  (PL)  measurements  of  interband 
transitions  in  InGaAs/AlGaAs  multiple  quantum  wells  before  and  after  fast  neutron 
irradiation.  We  will  provide  possible  explanations  to  the  degradation  of  interband 
transition  as  the  irradiation  dose  is  increased.  The  degradation  of  the  interband  transition 
was  judged  from  the  dramatic  reduction  of  the  normalized  integrated  area  as  well  as  the 
shift  in  the  peak  position  energy  of  the  PL  spectra. 

The  multiple  quantum  well  (MQW)  structure  used  in  the  present  study  was  grown 
by  the  molecular-beam  epitaxy  technique  on  a  semi-insulating  GaAs  substrate.  The 
wafer  consists  of  50  periods  of  75  A  thick  Ino.07Gao.93 As  well  and  100  A  thick 
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Alo.4Gao.6As  barrier.  The  well  regions  were  Si-doped  {[Si]  =  2xl018  cm'3}.  The 
uniformity  of  the  wafer  was  determined  from  the  peak  position  of  the  intersubband 
transition  measurements  to  be  within  less  than  0.5  meV  in  samples  cut  from  the  center 
and  edge  of  the  wafer.  Several  samples  were  cut  and  irradiated  with  different  doses  of 
fast  neutrons  beam.  An  unirradiated  sample  cut  from  the  same  wafer  was  used  in  other 
studies.  The  photoluminescence  measurements  were  performed  after  cooling  the  sample 
to  a  temperature  of  25  K  using  a  conventional  set-up. 

It  was  determined  that  the  MQW  structure  used  in  the  present  study  possesses 
three  confined  energy  levels  (Ei,  E2,  and  E3)  in  the  quantum  wells.  Based  on  the  doping 
level  in  the  quantum  well  regions,  it  was  also  determined  that  the  Fermi  energy  level  is 
located  above  E]  and  well  below  E2.  Thus,  one  intersubband  transition  between  the 
ground  and  first  excited  states  (Ei2,  i.e  Ei  to  E2)  should  be  observed  in  the  optical 
absorption  spectrum  of  the  reference  sample.  Indeed,  this  transition  was  observed  and 
reported  in  the  next  section.  On  the  other  hand,  the  PL  spectrum  is  originated  from  the 
electrons  as  they  decay  from  Ei  to  the  heavy  hole  ground  state  (HHi)  after  they  were 
excited  by  the  laser.  The  result  is  shown  in  Fig.  1  [see  spectrum  (a)].  This  spectrum 

appears  to  be  composed  of  two 

Fig.  1.  Photoluminescence 
spectra  obtained  at  T  =  25  K 
and  plotted  as  a  function  of  fast 
neutron  irradiation  dose. 
Spectrum  (a)  was  obtained  for 
the  reference  sample 
(unirradiated).  The  rest  of  the 
spectra  were  obtained  for 
samples  irradiated  with 

different  doses  as  indicated. 


peaks;  one  is  related  to  Ei  to 
HHi  transition  (the  peak  at 
around  1.5  eV)  and  the  other  transition  (the  peak  around  1.488  eV)  is  possibly  related  to 
the  conventional  band  edge  transition  in  the  GaAs  substrate.  Spectra  (b),  (c),  (d),  and  (e) 
in  Fig.  1  were  obtained  for  samples  irradiated  with  fast  neutrons  at  four  different  doses  of 
4.20xl014  cm'2,  1.20xl015  cm'2,  3.60xl015  cm'2,  and  1.08xl016  cm'2,  respectively.  It  is 
clear  from  this  figure  that  the  peak  at  1.488  eV,  which  is  presumably  related  to  the  band 
edge  of  the  GaAs  substrate,  is  almost  disappeared  in  the  spectra  of  the  irradiated  samples. 
Additionally,  the  intensity  of  the  PL  peak  related  to  the  Et  to  HHj  transition  is 
dramatically  reduced.  The  normalized  total  integrated  area  (I/Io)  of  the  PL  spectra  in 
Fig.  1  is  plotted  as  a  function  of  the  irradiation  dose  and  shown  in  Fig.  2,  where  I  is  the 
total  integrated  area  obtained  for  the  PL  spectra  of  the  irradiated  samples  and  I0  is  the 
total  integrated  area  of  the  PL  spectrum  of  the  unirradiated  sample. 

The  normalized  integrated  area  seams  to  be  decreased  exponentially  as  the 
irradiation  dose  is  increased.  The  reduction  of  I/I0  reflects  the  decrease  of  the  number  of 
electrons  that  undergo  the  interband  transition.  It  is  also  an  indication  that  the  density  of 
state  in  the  conduction  band  quantum  well  is  reduced  due  to  the  irradiation-induced 
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damages  at  the  interfaces.  The  reduction  of  the  density  of  states  limits  the  number  of 
electrons  excited  by  the  laser  to  jump  from  the  valence  band  to  the  conduction  band 
leading  to  a  significant  loss  of  the  PL  intensity. 

It  is  noted  that  the  peak  position  energy  of  the  PL  spectra  is  affected  as  the 
irradiation  dose  is  increased  as  shown  in  Fig.  3.  At  first,  the  peak  position  energy  is 
increased  from  1.499  eV  for  the  unirradiated  sample  to  1.506  eV  for  the  sample  irradiated 
with  a  dose  of  4.2xl014  cm'2.  Then  the  peak  position  energy  starts  to  decrease  as  the 
irradiation  dose  is  increased.  This  behavior  could  be  explained  as  follows.  It  is  well 
known  that  many  body  effects,  in  particular  exchange  interaction  and  depolarization 
effect,  play  a  major  role  in  the  shifting  of  the  quantized  energy  levels  in  the  multiple 
quantum  wells.  It  was  determined  that  the  ground  state  in  the  quantum  well  conduction 
band  is  lowered  as  the  electron  density  is  increased.  It  was  also  observed  that  the  peak 
position  energy  of  the  PL  spectrum  of  the  Ei  to  HHi  transition  is  decreased 
approximately  linearly  as  the  doping  level  is  increased  in  p-type  Be  doped  GaAs/AlGaAs 


2  4  6 
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Fig.  2.  Normalized  integrated 
area  (I/Iq)  of  the  PL  spectra 
plotted  as  a  function  of  the  fast 
neutron  irradiation  dose,  lo  is 
the  integrated  area  of  spectrum 
(a)  and  I  is  the  integrated  area 
for  spectra  (b)  -  (e)  in  Fig.  1.  as 


multiple  quantum  wells.  In  addition,  fast  neutron  irradiation  tends  to  bring  the  Fermi 
energy  level  toward  the  center  of  the  band  gap  due  to  the  fact  the  many  irradiation- 
induced  point  defects  such  as  antisites  and  vacancies  act  as  electron  traps.  This  leads  to 
the  reduction  of  the  two-dimensional  electron  gas  density  in  the  conduction  band 
quantum  wells.  Hence,  the  ground  sate  (Ei)  in  the  conduction  band  is  shifted  toward  a 
higher  energy.  Accordingly,  the  separation  between  Ei  and  HHi  is  increased  leading  to 
an  increase  in  the  peak  position  energy  of  the  PL  spectra  as  illustrated  in  Figs.  1  and  3. 
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Fig.  3.  The 
peak  position 
energy  of  the 
spectra  reported  in 
Fig.  1  plotted  as  a 
function  of  the  fast 
neutron  irradiation 
dose. 
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After  the 
initial  increase  of 
the  peak  position 
energy  of  the  PL 

spectrum  of  the  irradiated  sample  (dose  =  4.20xl014  cm'2)  as  shown  in  Fig.  3,  the  peak 
position  energy  starts  to  decrease  as  the  irradiation  dose  in  increased.  It  is  even  noted 
that  the  peak  position  energy  of  sample  irradiated  with  a  dose  of  1.08x10 16  cm'2  is  lower 
than  that  of  the  unirradiated  sample  (reference  sample).  It  is  more  difficult  to  explain  this 
behavior.  However,  one  possible  explanation  is  that  the  high  doses  of  fast  neutron 
irradiation  produces  extensive  damage  at  the  InGaAs  well  and  AlGaAs  barrier  interfaces 
such  that  the  ground  states  (E|  and  HHi)  in  both  the  conduction  and  valence  band 
quantum  wells  are  brought  closer  toward  the  bulk  conduction  and  valence  bands  maxima 
of  the  quantum  well  material.  This  leads  to  a  significant  red-shift  of  the  PL  peak 
position  energy. 

Photoluminescence  measurements  for  the  interband  transition  in  fast  neutron 
irradiated  Ino.07Gao.93As/Alo.4Gao.6As  multiple  quantum  well  samples  are  reported  in  this 
section.  The  PL  spectra  exhibit  a  significant  degradation  in  heavily  irradiated  samples. 
The  peak  position  energy  of  the  PL  spectra  was  observed  to  increase  and  then  decrease  as 
the  irradiation  dose  is  increased.  The  reduction  of  the  normalized  integrated  area  and  the 
behavior  of  the  peak  position  energy  of  the  PL  spectra  as  a  function  of  the  irradiation 
dose  were  interpreted  as  being  due  to  the  introduction  of  the  irradiation-induced  defects 
in  the  quantum  well  and  barrier  regions  as  well  as  due  to  the  damages  introduced  at  the 
well/barrier  interfaces. 


3.  Electron  Irradiation  Effects  on  the  Intersubband  Transitions  in  InGaAs/AIGaAs 
Multiple  Quantum  Wells: 


In  this  section,  we  report  on  the  electron  irradiation  effect  on  the  intersubband 
transitions  in  n-type  Ino.07Gao.93As/Alo.4Gao.6As  multiple  quantum  wells.  It  will  be  shown 
that  the  intensity  of  the  intersubband  transitions  is  dramatically  decreased  in  heavily 
irradiated  samples,  which  can  be  explained  in  terms  of  trapping  of  the  two-dimensional 
electrons  by  the  irradiation  induced  defects.  A  negative  persistent  effect  was  also 
observed  in  the  heavily  irradiated  samples.  It  is  noted  that  the  recovery  of  the  electrons 
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from  this  effect  occurs  at  two  temperature  stages  with  thresholds  at  ~140  K  and  ~250  K, 
which  indicates  that  the  electrons  were  released  from  two  different  traps  as  the 
temperature  is  increased. 

The  multiple  quantum  well  (MQW)  structure  used  in  the  present  study  was  grown 
by  the  molecular-beam  epitaxy  technique  on  a  semi-insulating  GaAs  substrate.  The 
wafer  consists  of  50  periods  of  117  A  thick  Ino.07Gao.93 As  well  and  100  A  thick 
Alo.4Gao.6As  barrier.  The  well  regions  were  Si-doped  {[Si]  =  2xl018  cm'3}.  Several 
samples  were  cut  and  irradiated  with  different  doses  of  either  2  MeV  or  5  MeV  electrons 
beams.  An  unirradiated  sample  cut  from  the  same  wafer  was  used  in  other  studies.  The 
infrared  absorption  spectra  were  recorded  at  the  Brewster’s  angel  of  GaAs  (73°)  from  the 
normal  using  a  BOMEM  Fourier-transform  interferometer  in  conjunction  with  a 
continuous  flow  cryostat.  The  temperature  was  controlled  within  ±1 .0  K. 

It  was  determined  from  a  previous  measurements  that  the  MQW  structure  used  in 
the  present  study  possesses  three  confined  energy  levels  (Ei,  E2,  and  E3)  in  the  quantum 
wells.  Based  on  the  doping  level  in  the  quantum  well  regions,  it  was  also  determined 
that  the  Fermi  energy  level  is  slightly  above  the  first  excited  sate  (E2).  Thus,  two 
intersubband  transitions  between  the  ground  and  first  excited  states  (Ei2  =  Ei  to  E2)  and 
between  the  first  and  second  excited  states  (E23  =  E2  to  E3)  should  be  observed  in  the 
optical  absorption  spectrum  of  the  reference  sample  (unirradiated).  Indeed,  we  have 
observed  these  two  transitions  in  spectrum  (a)  as  shown  in  Fig.  4.  This  spectrum  was 
obtained  at  room  temperature  and  it  exhibits  two  peaks  at  ~  780  cm'1  and  ~  980  cm'  , 
which  are  assigned  to  E12  and  E23  transitions,  respectively.  Spectrum  (b)  in  Fig.  4  was 
obtained  for  the  reference  sample  at  T  =  77  K.  The  peak  position  energies  of  both 
transitions  have  been  shifted  toward  higher  energies  as  the  temperature  is  decreased. 
This  effect  has  been  the  subject  of  a  previous  study.  It  is  also  observed  that  the  intensity 
of  Ei2  transition  is  increased  while  the  intensity  of  the  E23  transition  is  decreased  as  the 
temperature  is  decreased.  This  behavior  can  be  easily  explained  in  terms  of  phase 
blocking  and  the  dropping  of  the  Fermi  energy  levels  as  the  temperature  is  reduced  froift 
room  temperature  to  77  K. 

Spectrum  (c)  in  Fig.  4  was  obtained  for  a  sample  cut  from  the  same  wafer  and 
irradiated  with  2  MeV  electrons  beam.  The  irradiation  dose  was  5  xlO17  cm'2.  This 
spectrum  exhibits  only  one  transition  related  to  Ei2.  The  intensity  of  this  transition  is 
much  smaller  that  that  of  the  reference  sample.  The  E23  transition  was  not  observed  in 
the  irradiated  sample.  Similar  behaviors  were  observed  in  other  samples  irradiated  with 
the  same  electrons  beam  but  with  irradiation  doses  ranging  from  (1  -  4)xl017  cm'2. 
However,  samples  irradiated  with  5  MeV  electrons  beam  and  doses  ranging  between 
2.0xl010  cm'2  and  l.OxlO12  cm'2  show  only  a  slight  difference  between  their  spectra  and 
the  reference  sample’s  spectrum.  Spectrum  (d)  is  the  same  as  spectrum  (c),  but  it  was 
obtained  at  77  K.  The  intensity  of  the  Ei2  transition  in  spectrum  (d)  is  reduced 
dramatically,  but  the  transition  remains  observable.  Similar  results  were  obtained  in 
samples  irradiated  with  doses  of  (1  -  4)xl017  cm'2. 


8 


It  is  also  observed  in  Fig.  4  that  the  peak  position  energy  of  the  E12  transition  in  the 
irradiated  sample  experiences  a  much  smaller  shift  with  temperature  than  the  unirradiated 
sample.  This  behavior  could  be  explained  as  follows.  The  total  integrated  area  of  the 
intersubband  transition  is  reduced  in  the  irradiated  sample,  which  is  an  indication  that  the 
total  number  of  electrons  that  undergo  this  transition  is  reduced  by  the  trapping 
mechanism  due  to  the  presence  of  the  irradiation-induced  defects.  It  was  also  observed 
previously  that  the  temperature  blue-shift  in  the  intersubband  transition  is  reduced  as  the 
electron  density  in  the  quantum  well  is  decreased.  Thus,  the  smaller  shift  with 
temperature  in  the  irradiated  sample  as  compared  to  that  of  the  unirradiated  sample  can 
be  easily  explained  in  terms  of  the  reduction  of  the  electron  density,  which  in  turns 
reduce  many-body  effects  on  the  peak  position  of  the  intersubband  transition. 

Fig.  4.  Optical  absorption 
spectra  of  intersubband 
transitions  in  InGaAs/AlGaAs 
multiple  quantum  wells 
measured  at  295  K  and  77  K. 
Spectra  (a)  and  (b)  were 
obtained  for  a  reference  sample 
(unirradiated)  and  spectra  (c) 
and  (d)  were  obtained  for  a 
sample  irradiated  with  2  MeV 
electrons  beam  and  a  dose  of 
5x1 01 7  cm2. 


The  total  integrated  area 
of  the  E12  transition  in  the  irradiated  sample,  which  is  shown  in  spectra  (c)  and  (d)  in  Fig. 
4,  is  studied  as  a  function  of  temperature.  The  results  are  presented  in  Fig.  5.  The  total 
integrated  area  remains  approximately  constant  between  77  K  and  140  K.  A  sudden 
increase  in  the  total  integrated  area  is  observed  around  150  K.  A  change  of  the  slope  of 
the  integrated  area  as  a  function  of  temperature  is  also  observed  at  around  250  K. 

It  is  clear  from  the  present  results  that  the  electron  irradiation  with  high  doses  has 
a  drastic  effects  on  the  intersubband  transitions  in  InGaAs/AlGaAs  multiple  quantum 
wells.  Electron  irradiation  in  III-V  semiconductors  is  well  known  to  produce  point  and 
complex  defects  such  as  antisites,  vacancies,  interstitials,  and  various  combinations  of 
point  defects.  In  addition,  it  is  anticipated  that  electron  irradiation  induced  defects  may 
have  adverse  effects  on  the  interfaces  in  heterostructures  which  leads  to  alternations  in 
the  confined  energy  levels  and  the  two-dimensional  electron  (hole)  gas.  Consequently, 
the  interband  and  intersubband  transitions  in  quantum  wells  and  heterostructures  are 
affected  by  electron  irradiations. 

The  difference  between  the  intersubband  transitions  spectra,  shown  in  Fig.  4,  in 
samples  before  and  after  electron  irradiation  can  be  explained  as  follows.  Antisites, 
interstitials,  and  vacancies  are  the  primary  point  defects  introduced  by  electron 
irradiation.  These  point  defects  may  form  complex  defects  such  as  antisite-vacancy, 
Frenkel  pair  defects,  etc.  However,  the  five  primary  electron  traps  in  electron  irradiated 
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Total  Integrated  area  (arbit.  units) 


GaAs  are  El,  E2,  E3,  E4,  and  E5.  These  defects,  in  particular,  El,  E2,  and  E3  produce 
energy  levels  close  to  the  conduction  band,  which  act  as  electron  traps.  Thus,  by 
irradiating  the  InGaAs/AlGaAs  MQWs  with  2  MeV  electrons  and  doses  higher  than 
lxlOl7cm'2,  one  can  introduce  various  defects  and  electron  traps,  which  can  capture  the 
electrons  from  the  InGaAs  quantum  wells.  The  reduction  of  the  two-dimensional 
electrons  gas  in  the  quantum  wells  can  be  probed  by  measuring  the  optical  absorption  of 
the  intersubband  transitions.  By  inspecting  the  spectra  in  Fig.  4,  one  can  see  the 
following:  First,  the  total  integrated  area  of  E12  transition  measured  at  77  K  is  greatly 
reduced  as  illustrated  in  this  figure  by  comparing  spectra  (b)  and  (d),  which  are  obtained 
for  the  reference  and  irradiated  samples,  receptively.  Second,  the  E23  transition  is  not 
observable  in  the  spectra  of  the  irradiated  sample,  which  indicates  that  the  Fermi  energy 
level  is  dropped  well  below  the  first  excited  state  (E2).  However,  it  should  be  pointed  out 
that  mixing  between  the  quantum  well  and  the  barrier  may  occur  in  the  irradiated  sample 
,  which  may  cause  the  suppression  of  the  E23  transition.  This  possibility  requires  further 
studies.  Third,  the  peak  position  energy  of  the  E12  transition  in  the  reference  sample 
[spectrum  (b)]  is  shifted  from  ~  830  cm-1  to  ~  770  cm'1  in  the  irradiated  sample 
[spectrum  (d)].  This  red-shift  indicates  that  the  many-body  effects,  which  depend 
strongly  on  the  two-dimensional  electron  gas  density,  is  reduced  among  electrons  in  the 
quantum  wells.  The  above  three  points  strongly  suggest  that  the  electrons  in  the  quantum 
wells  are  removed  from  the  well  through  trapping  and  capturing  by  irradiation  induced 
defects. 

The  total  integrated  area  (I)  of  the  E12  transition  in  the  irradiated  sample  [see 
spectrum  (c)  in  Fig.  4]  was  tracked  as  a  function  temperature  as  shown  in  Fig.  5.  It  is 


150  200 
Temperature  (K) 


250  300 


Fig.  5.  The  total  inteegrated 
area  of  the  intersubband 
transition  between  the 
ground  and  first  excited 
states  in  the  electron 
irradiated  InGaAs/AlGaAs 
multiple  quantum  wells 
measured  as  a  function  of 
temperature.  The  vertical 
arrows  indicate  the 
threshold  temperatures  at 
which  the  electrons  are 
released from  the  irradiation 
induced  traps  to  the 
quantum  wells. 


well  known  that  /  is  directly  proportional  to  the  two-dimensional  electron  gas  density  (a) 

•  1  1 

according  to  the  following  equation  . 
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(1) 


NoLe2h  f 
4 eomc  n\n2+ 1/2  ’ 

where  N  is  the  number  of  the  wells,  L  is  the  well  width,  m*  is  the  electron  effective  mass, 
n  is  the  refractive  index  of  the  well  materials,  and  /  is  the  oscillator  strength.  Thus,  the 
measurement  of  the  total  integrated  area  provides  a  direct  monitoring  of  the  total  number 
of  electrons  that  undergo  intersubband  transitions. 

The  partial  recovery  of  I  around  150  K  in  Fig.  5  is  similar  to  the  recovery  of  the 
two-dimensional  electrons  gas  in  the  negative  persistent  photoeffect  observed  in  heavily 
doped  n-type  GaAs/AlGaAs  multiple  quantum  wells,  which  is  opposite  to  the  positive 
persistent  photoeffect  usually  associated  with  the  DX  center.  However,  the  effect 
observed  around  150  K  in  Fig.  5  is  not  a  photoeffect.  We  may  define  it  as  a  negative 
persistent  temperature  effect,  since  a  secondary  light  illumination  was  not  used  in  the 
present  study  and  the  intensity  of  the  globar  light  source  in  the  interferometer  was  too 
weak  to  cause  any  persistent  photoeffects.  The  fact  that  we  observe  a  partial  recovery 
around  150  K  in  Fig.  2  is  an  indication  that  the  electrons  may  have  been  released  from  a 
Si-related  complex  defect. 

The  change  of  the  slope  of  the  data  around  250K  as  shown  in  Fig.  5,  suggests  that 
another  shallow  defects  is  involved  in  capturing  the  electrons  as  the  temperature  is 
decreased  and  then  releasing  them  as  the  temperature  is  increased.  It  is  difficult  to 
identify  the  atomic  structure  of  this  trap,  but  it  may  be  related  to  an  arsenic  vacancy.  This 
speculation  is  based  on  the  theoretical  calculations  of  the  electronic  energy  levels  of  the 
arsenic  vacancy  and  the  arsenic  vacancy-gallium  antisite  pair  defects. 

We  presented  in  this  section  new  results  on  the  behavior  of  the  intersubband 
transitions  in  InGaAs/AlGaAs  multiple  quantum  wells  under  the  influence  of  2  MeV 
electrons  irradiation.  It  is  observed  that  the  total  integrated  area  of  the  intersubband 
transitions  are  dramatically  decreased  after  irradiating  the  samples  with  doses  higher  than 
lxlO17  cm'2.  This  reduction  was  interpreted  as  being  due  to  the  trapping  of  the  two- 
dimensional  electrons  gas  by  the  irradiation  induced-defects.  The  total  integrated  area  of 
the  intersubband  transition  between  the  ground  and  first  excited  state  was  studied  as  a 
function  of  temperature.  The  results  revealed  that  two  irradiation  induced  traps  are 
involved  in  capturing  the  electrons  as  the  temperature  is  lowered  to  77  K.  The  electrons 
are  then  released  from  the  traps  as  the  temperature  is  increased  to  300  K  in  two  stages 
with  thresholds  around  140  K  and  250  K. 

4.  Proton  Irradiation  Effects  on  the  Intersubband  Transition  in  GaAs/AlGaAs 
Multiple  Quantum  Wells  with  Bulk  or  Superlattice  Barriers: 

In  this  section,  we  report  on  the  proton  irradiation  effect  on  optical  absorption 
spectra  of  the  intersubband  transitions  in  n-type  GaAs/AlGaAs  MQWs.  It  will  be  shown 
that  the  intensity  of  the  intersubband  transitions  is  dramatically  decreased  as  a  function  of 
irradiation  doses,  which  can  be  explained  in  terms  of  trapping  of  the  two-dimensional 
electrons  in  the  quantum  wells  by  the  irradiation  induced  defects.  In  addition,  we 
observed  that  intersubband  transitions  in  samples  with  superlattice  barriers  degrade  faster 
than  those  transitions  in  samples  with  bulk  barriers  as  the  irradiation  dose  is  increased. 
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Two  multiple  quantum  well  structures  used  in  the  present  study  were  grown  by 
the  molecular-beam  epitaxy  technique  on  a  semi-insulating  GaAs  substrate  with  0.5  pm 
thick  GaAs  buffer  layer  and  -200  A  thick  GaAs  cap  layer.  The  structures  of  the  two 
wafers  are  shown  in  table  I.  The  barriers  of  the  wafer  labeled  “B”  are  made  of  5  periods 
AlGaAs/GaAs  superlattices.  While  the  barrier  of  the  wafer  labeled  “A”  is  bulk  AlGaAs. 
The  word  “bulk"  is  used  here  to  indicate  that  the  barrier  is  not  a  superlattice.  The  well 
regions  were  Si-doped  {[Si]=2xl018  cm'3}.  Several  samples  were  cut  and  irradiated  with 
different  doses  of  1  MeV  protons  beam.  The  infrared  absorption  spectra  were  recorded  at 
the  Brewster’s  angel  of  GaAs  (73°)  from  the  normal  using  a  BOMEM  Fourier-transform 
interferometer  in  conjunction  with  a  continuous  flow  cryostat.  The  temperature  was 
controlled  within  ±1 .0  K  and  the  spectra  were  measured  at  either  77  K  or  300  K. 

Table  I:  Structures  of  the  wafers  used  in  the  present  study.  All  wafers  were  Si-doped  in 
the  well  {[Si]  =  2.0xl018cm3}.  The  barrier  materials  of  wafer  “B”  is  made  of 
AlGaAs/GaAs  superlattice. 


Wafer 

A 

B 

Well  thickness  (A) 
GaAs 

75 

105 

Barrier  material 

Al  ojGa  0.7 As 

Alo.4Ga0.6As-GaAs 

Barrier  Thickness  (A) 

100 

105-35 

Barrier  period 

.... 

5 

MQWs  period 

50 

50 

A  few  spectra  of  the  intersubband  transitions  in  samples  cut  from  wafer  “A”  and 
irradiated  with  different  proton  beam  doses  are  shown  in  Fig.  6.  The  spectra  were 
measured  at  77  K.  Spectrum  (a)  is  obtained  for  a  sample  that  received  a  dose  of  2.0xl012 
cm'2,  which  is  identical  to  the  spectrum  of  the  unirradiated  samples.  This  indicates  that 
the  above  dose  did  not  produce  significant  atomic  displacement  damage  to  cause  any 
change  in  the  spectrum.  As  the  dose  is  increased,  the  intensity  of  the  spectra  is  reduced. 

However,  the  intersubband 
transitions  remain  observable 
in  samples  irradiated  with 
doses  as  high  as  5.0xl014  cm'2. 


Fig.  6.  A  few  optical 
absorbance  spectra  measured 
at  77  K  of  intersubband 
transitions  in  GaAs/AlGaAs 
MQW  samples  cut  from  wafer 
“A  ”.  The  samples  received 
different  proton  irradiation 
doses. 


12 


Absorbance  (Arbit.  Units) 


The  peak  position  energy  of  the  spectra  in  this  figure  is  shifted.  It  was  determined 
by  measuring  the  spectra  of  the  samples  before  and  after  irradiation  that  this  shift  is  due 
to  the  non-uniformity  of  the  wafer.  It  was  found  that  the  peak  position  energies  in 
samples  cut  near  the  rim  of  the  wafer  are  higher  than  those  in  samples  cut  from  the 
center  of  the  wafer. 

In  Fig.  7,  we  plotted  a  few  spectra,  measured  at  77  K,  of  intersubband  transitions 
in  samples  cut  from  wafer  “B”  and  irradiated  with  different  doses.  By  inspecting  this 
figure,  we  noted  that  a  dose  of  l.OxlO12  cm 2  causes  some  change  in  the  total  integrated 
area  as  compared  the  control  (unirradiated)  sample.  We  also  observed  that  samples  cut 
from  wafer  “B”  and  irradiated  with  doses  higher  than  3.0xl013  cm'2,  do  not  exhibit 
intersubband  transitions.  Spectrum  (f)  in  this  figure  was  obtained  for  a  sample  irradiated 
with  3.0xl013  cm'2.  The  intersubband  transition  in  this  sample  is  still  observable. 
However,  upon  increasing  the  sample’s  temperature  from  77  K  to  300  K,  we  observed 
two  peaks  in  the  spectrum.  The  results  are  shown  in  Fig.  7  where  two  peaks  observed  in 
the  spectrum  measured  at  room  temperature.  The  results  in  this  figure  could  be  explained 
as  follows.  The  structure  of  wafer  “B”  was  designed  such  that  two  bound  electronic 
energy  levels  (ground  and  excited  states)  exist  in  the  well.  The  excited  state  is  resonant 
in  the  miniband  that  is  formed  due  the  superlattice  barrier.  This  miniband  consists  of  five 
close  energy  levels.  Proton  irradiation  causes  atomic  displacement.  With  a  proton  beam 
dose  of  3. Ox  10 14  cm'2,  the  damage  is  significant  enough  to  alter  the  interfaces  so  that  the 
energy  levels  and  the  miniband  in  the  quantum  well  structures  are  shifted.  Hence,  the 
excited  state  in  the  quantum  well  is  no  longer  resonant  in  the  miniband.  The  two  peaks  in 

Fig.  7  (a)  are  thus  due  to 
electronic  transitions  from 
the  ground  state  in  the 
quantum  wells  to  the  first 
excited  state  and  to  the 
miniband.  This  plausible 
explanation  is  supported  by 
two  reasons. 


600  650  700  750  800  850  900  950  1000 

Wave  Number  (cm’1) 

Fig.  7.  A  few  optical  absorbance  spectra  measured  at  77  K  of  intersubband  transitions  in 
GaAs/(A IGaAs-GaAs)  MQW  samples  cut  from  wafer  “B”.  The  samples  received 
different  proton  irradiation  doses.  The  barrier  (AlGaAs-GaAs)  is  a  5  period  superlattice. 

First,  the  two  peaks  in  Fig.  8  (a)  were  not  observed  in  heavily  irradiated  samples 
cut  from  wafer  “A”,  which  does  not  contain  a  miniband  in  its  structure.  Second,  as  the 
temperature  is  lowered  from  300  K  to  77  K,  the  separation  between  the  two  peaks  is 
decreased.  This  indicates  that  the  separation  between  the  excited  state  and  the  miniband 
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is  decreased  as  the  temperature  is  decreased.  Similar  behavior  is  observed  in  unirradiated 
samples  designed  such  that  the  excited  state  is  not  resonant  in  the  miniband. 

Another  interesting  observation  is  seen  in  Fig.  8.  It  is  noted  that  the  total 
integrated  area  of  the  two  peaks  in  spectrum  (a)  is  decreased  as  the  temperature  is 
lowered  from  room  temperature  to  77  K.  Similar  behavior  is  observed  in  heavily  electron 
irradiated  samples.  This  effect  is  designated  as  a  negative  persistent  temperature  effect.  It 
was  explained  as  being  due  to  the  presence  of  irradiation  induced  defects.  These  defects 

trap  some  of  the  electrons  in  the 
quantum  wells  (two-dimensional 
electron  gas)  as  the  temperature  is 
lowered.  But  when  the  temperature  is 
increased,  the  electrons  are  released 
back  to  the  quantum  wells. 

Fig.  8.  Two  spectra  of  intersubband 
transition  in  a  GaAsZ(AlGaAs-GaAs) 
measured  at  77  K  and  300  K  for  a 
sample  cut  from  wafer  “B  ”  and 
irradiated  with  a  dose  of  3x1 01 3  cm'2. 
Spectrum  (b)  is  the  same  as  spectrum 
(f)  in  Fig.  7. 

The  total  integrated  areas,  measured  at  77  K,  of  the  intersubband  transitions 
spectra  were  studied  as  a  function  of  proton  irradiation  dose.  The  results  are  shown  in 
Fig.  8.  The  open  squares  in  this  figure  represent  the  total  integrated  area  obtained  for 
irradiated  samples  that  were  cut  from  wafer  “A”.  Integrated  areas  of  the  irradiated 
samples  cut  from  wafer  “B”  are  presented  by  the  solid  squares.  The  data  in  this  figure 
were  fitted  with  the  following  expression: 

I  =  I0  Exp(-8d),  (1) 

Where  I  is  the  total  integrated  area,  I0  is  a  fitting  parameter  but  its  value  is  close  to  the 
total  integrated  area  of  the  unirradiated  samples,  8  is  a  second  fitting  parameter,  and  d  is 
the  irradiation  dose.  The  fitting  results  are  shown  as  solid  lines  in  Fig.  9  for  both  samples 
cut  from  wafers  “A”  and  “B”. 

The  8  values  obtained  from  the  fitting  procedure  are  0.014  and  0.038  for  the 
samples  cut  from  wafers  “A”  and  “B”,  respectively.  These  values  indicate  that  the 
samples  with  superlattice  barriers  degrade  at  a  faster  rate  as  compared  to  samples  with 
bulk  barrier  as  the  irradiation  dose  is  increased.  The  above  difference  in  the  8  values  can 
be  explained  as  follows.  The  structure  of  wafer  “B”  contains  AlGaAs/GaAs  superlattice 
barriers,  which  means  that  the  number  of  interfaces  is  much  larger  as  compared  to  the 
structure  of  Wafer  “A”.  The  proton  irradiation  produce  atomic  displacement  damage 
including  point  and  complex  defects  such  as  antisites,  interstitials  and  vacancies.  These 
defects  play  a  major  role  on  the  quality  of  interfaces  between  the  epitaxial  layers.  Hence, 
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samples  with  smaller  numbers  of  interfaces  can  withstand  higher  proton  irradiation  doses 
as  shown  for  samples  cut  from  Wafer  “A”.  The  high  8  value  in  samples  with  superlattice 
barriers  was  also  confirmed  in  another  set  of  MQW  samples  cut  from  a  wafer  with  a 
structure  of  59  A  GaAs  well  and  a  barrier  of  5  periods  59A  Alo.4Gao.6As/29A  GaAs. 
Additional  measurements  may  be  needed  to  role  out  the  idea  of  the  faster  degradation  as 
being  due  to  the  longer  absorption  wavelength. 


Fig.  9.  Total  integrated  area 
of  the  intersubband 
transitions  measured  for 
samples  cut  from  wafers  "A  ” 
(open  •  squares)  and  “B" 
(closed  squares)  as  a  function 
proton  irradiation  dose.  The 
solid  lines  are  the  results  of 
fitting  the  data  using  Eq.  (1) 
where  Io  and  8  are  fitting 
parameters. 


The  results  in  this  section  describe  the  behavior  of  the  optical  absorption  spectra 
of  the  intersubband  transitions  in  GaAs/AlGaAs  multiple  quantum  wells  under  the 
influence  of  1  MeV  proton  irradiation  and  doses  ranging  between  l.OxlO12  and  5.0xl014 
cm'2.  It  is  observed  that  the  total  integrated  area  of  the  intersubband  transitions  are 
dramatically  decreased  as  the  irradiation  dose  is  increased.  This  reduction  was 
interpreted  as  being  due  to  the  trapping  of  the  two-dimensional  electrons  gas  by  the 
irradiation  induced-defects.  The  total  integrated  areas  of  the  intersubband  transitions 
were  studied  as  a  function  of  irradiation  doses  for  samples  cut  from  wafers  with 
structures  containing  either  balk  or  superlattice  barriers.  The  results  reveal  that  the 
intersubband  transitions  in  samples  with  superlattice  barriers  degrade  at  a  faster  rate  as 
compared  to  those  transitions  in  samples  with  bulk  barriers. 


6.  Thermal  Annealing  Recovery  of  Intersubband  Transitions  in  Proton-Irradiated 
GaAs/AlGaAs  Multiple  Quantum  Wells 

In  this  section,  we  report  on  the  thermal  recovery  of  depleted  intersubband 
transitions  in  proton  irradiated  GaAs/AlGaAs  multiple  quantum  well  samples.  The 
intersubband  transitions  were  measured  before  and  after  proton  irradiation  and  it  was 
observed  that  the  intersubband  transitions  were  completely  washed  out  in  samples 
irradiated  with  1  MeV  protons  and  doses  higher  than  4xl0,4cm'2.  Upon  isochronal 
thermal  annealing,  these  transitions  were  observed  to  recover  at  annealing  temperatures 
(Ta)  as  low  as  250  °C  in  samples  that  received  low  irradiation  doses.  Both  the  total 
integrated  areas  and  the  peak  position  energies  of  the  intersubband  transitions  in 
irradiated  samples  and  in  one-reference  sample  were  measured  as  a  function  of  Ta.  The 
Ta  at  which  the  recovery  occurred  was  found  to  depend  on  the  protons  irradiation  dose. 
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This  observation  will  be  explained  in  terms  of  irradiation  induced-defect  species,  which 
trap  the  two-dimensional  electron  gas.  The  behavior  of  the  total  integrated  areas  and  the 
peak  position  energies  of  the  intersubband  transitions  will  be  explained  in  terms  of 
energy  level  shifts  due  to  interdifussion. 

Two  multiple  quantum  well  structures  used  in  the  present  study  were  grown  by 
the  molecular-beam  epitaxy  technique  on  a  semi-insulating  GaAs  substrate  with  a  0.5  (im 
thick  GaAs  buffer  layer  and  a  -200  A  thick  GaAs  cap  layer.  The  structures  of  the  two 
wafers  are  shown  in  table  II.  The  barriers  of  the  wafer  labeled  “A”  are  bulk  AlGaAs. 
While  the  barriers  of  the  wafer  labeled  “B”  are  made  of  5  periods  AlGaAs/GaAs 
superlattices.  The  well  regions  were  Si-doped  {[Si]=2xl018  cm'3}.  Several  samples  were 
cut  and  irradiated  with  different  doses  of  1  MeV  proton  beams.  The  infrared  absorption 
spectra  were  recorded  at  the  Brewster’s  angle  of  GaAs  (73°)  from  the  normal  using  a 
BOMEM  Fourier-transform  interferometer  in  conjunction  with  a  continuous  flow 
cryostat.  The  temperature  was  controlled  within  ±1.0  K  and  the  spectra  were  measured  at 
either  77K  or  300K.  Furnace  thermal  annealing  was  performed  in  a  continuous  flow  of 
nitrogen  gas  in  the  Ta  range  of  200  -  800  °C.  The  annealing  time  at  each  temperature  was 
15  minutes. 

Table  II:  Structures  of  the  wafers  used  in  the  present  study.  All  wafers  were  Si-doped  in 
the  well  {[Si]  =  2. 0x1 018 cm3}.  The  barrier  material  of  wafer  “B”  is  made  of 
AlGaAs/GaAs  superlattice. 

Wafer  A  B 


Well  thickness  (A)  75  59 

GaAs 

Barrier  material  A1  ojGa  0.7AS  Alo.4Gao.6As  -  GaAs 

Barrier  Thickness  (A)  100  59  -  29 

Barrier  period  — -  5 

MQWs  period_ 50_ 50 


A  few  absorbance  spectra  of  an  intersubband  transition  in  a  sample  cut  from 
wafer  “A”  were  measured  at  77  K  and  plotted  in  Fig.  10.  Spectrum  (a)  was  obtained  for 
the  sample  before  any  proton  irradiation  or  thermal  annealing.  Spectrum  (b)  corresponds 
to  the  same  sample  after  it  was  irradiated  with  a  dose  of  4xl014cm"2.  It  is  clear  from  this 
figure  that  the  intersubband  transition  was  completely  depleted.  Spectra  (c)  and  (d)  were 
obtained  after  annealing  the  irradiated  sample  at  Ta  =400  and  600  °C,  respectively.  It  is 
obvious  that  the  intersubband  transition  is  recovered  by  thermal  annealing.  The  total 
integrated  area  of  the  intersubband  transition  in  spectrum  (d),  which  is  the  spectrum 
obtained  for  the  irradiated  sample  and  after  thermal  annealing  at  600  °C,  is  about  80%  of 
that  of  spectrum  (a). 

It  is  observed  that  a  partial  recovery  of  the  intersubband  transition  in  the  sample 
cut  from  wafer  “A”  and  irradiated  with  a  dose  of  4xlOl4cm'2  is  achieved  at  Ta  as  low  as 
250  °C.  However,  the  thermal  annealing  behavior  of  the  intersubband  transition  is  quite 
different  in  a  sample  irradiated  with  a  dose  of  2xl016cm'2.  The  results  are  shown  in  Fig. 
1 1.  Spectrum  (a)  is  the  absorbance  of  the  intersubband  transition  in  the  as  grown  sample 
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(reference  sample)  cut  from  wafer  “B”.  Spectrum  (b)  is  obtained  for  a  sample  cut  from 
the  same  wafer  which  was  irradiated  with  a  dose  of  2xlOl6cm'2.  The  signature  of  the 
intersubband  transition  in  this  spectrum  is  absent.  Thermal  annealing  recovery  of  the 
intersubband  transition  in  the  irradiated  sample  is  observed  at  Ta  above  625  °C.  For 
comparison,  spectrum  (c)  in  Fig.  1 1  is  plotted  for  the  irradiated  sample  after  it  was 
annealing  at  725  °C. 


Fig.  10.  Absorbance  spectra  of 
intersubband  transitions  measured  at  T 
=  77  K  for  a  sample  cut  from  wafer 
“A.  ’’  Spectrum  (a)  was  obtained 
before  thermal  annealing  and  before 
proton  irradiation.  Spectrum  (b)  was 
obtained  for  the  same  sample  after  it 
was  irradiated  with  dose  of  4xl014 cm2 . 
Spectra  (c)  and  (d)  were  measured 
after  irradiation  and  after  thermal 
annealing  the  sample  at  400  and  600 
°C,  respectively. 


To  better  understand  the  processes  associated  with  the  irradiation  and  thermal 
annealing  effects  on  GaAs/AlGaAs  multiple  quantum  wells,  we  tracked  the  total 
integrated  areas  of  the  intersubband  transitions  as  a  function  of  annealing  temperatures 
for  three  samples  as  shown  in  Fig.  12.  First,  a  reference  sample  (unirradiated)  cut  from 
wafer  “B”  was  annealed  and  the  results  are  presented  by  the  solid  squares  in  this  figure. 
About  10%  reduction  in  the  total  integrated  area  was  observed  in  this  sample  as  Ta  is 
changed  from  350  °C  to  700  °C.  Then  the  area  is  reduced  to  about  50%  after  the  sample 
is  annealed  at  Ta  =  775  °C.  On  the  other  hand,  the  integrated  area  of  the  intersubband 
transition  in  a  sample  cut  from  wafer  “B”  and  irradiated  with  a  dose  of  2xl016cm'2 
remains  zero  until  Ta  reached  650  °C  (see  solid  circles).  A  total  recovery  of  50%  is 
observed  at  Ta  =  750  °C  for  the  intersubband  transition  in  the  irradiated  sample  as 
compared  to  the  that  of  the  unirradiated  sample,  which  were  both  cut  from  wafer  “B”. 
On  the  other  hand,  the  thermal  annealing  recovery  of  a  sample  cut  from  wafer  “A”  and 
irradiate  with  4xl014cm'2  occurred  at  Ta  as  low  as  250  °C  (Fig.  12  open  squares)  and 
reached  about  80%  at  Ta  =  600  °C. 

The  thermal  annealing  recovery  of  intersubband  transitions  presented  in  Figs.  10- 
12  can  be  explained  as  follows.  Antisites,  interstitials,  and  vacancies  are  the  primary 
point  defects  introduced  by  energetic  charged  particle  irradiation,  such  as  protons  and 
electrons,  in  gallium  arsenide  and  presumably  AlGaAs  as  well.  These  point  defects  may 
form  more  complex  defects  as  the  irradiation  dose  is  increased,  but  both  irradiation 
induced-point  and  -complex  defects  produce  energy  levels  in  the  band  gap  that  act  as 
traps  for  both  electrons  and  holes.  Thus,  1  MeV  protons  irradiation  doses  of  4xl014  and 
2xl016cm'2  produce  defect  energy  levels  in  the  band  gap.  These  defects  then  trap  the 
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two-dimensional  electron  gas  formed  in  the  GaAs  wells  causing  a  reduction  in  the  total 
integrated  areas  of  the  intersubband  transitions,  which  is  directly  proportional  to  the 
electron  density  in  the  quantum  wells9.  It  was  noted  previously  that  the  intersubband 
transitions  were  depleted  in  samples  irradiated  with  proton  doses  as  low  as  lxl0,4cm'2. 
Proton  irradiation  induced  defects,  in  particular  vacancies  and  antisites  related  defects, 


Fig.  11.  Absorbance  spectra  of 
intersubband  transitions  measured 
at  T  =  77  K  for  samples  cut  from 
wafer  "B.”  Spectrum  (a)  was 
obtained  for  unirradiated  sample 
before  thermal  annealing. 
Spectrum  (b)  was  obtained  for 
another  sample  after  it  was 
irradiated  with  a  dose  of  2x1 016 cm 
2 ■  Spectrum  (c)  was  measured  for 
the  irradiated  sample  and  after 
thermal  annealing  at  725  °C. 


can  be  easily  annealed  out.  Such  defects  usually  dominate  the  lower  dose  irradiated 
samples  and  demonstrated  by  the  fact  that  the  intersubband  transitions  are  partially 
recovered  in  such  irradiated  samples  after  thermal  annealing.  It  is  worth  mentioning  here 
that  the  sample  with  lower  irradiation  dose  (see  Fig.  10  and  open  squares  in  Fig.  12) 
shows  that  the  intersubband  transition  is  thermally  recovered  (partially)  at  much  lower 
temperature  as  compared  to  the  sample  that  received  a  higher  irradiation  dose  (see  Fig.  1 1 
and  the  solid  circles  in  Fig.  12).  This  observation  indicates  that  the  electron  traps  in 
samples  with  the  lower  irradiation  doses  are  dominated  by  vacancies  and  interstitials 
related  defects,  which  are  well  known5,6,10  to  anneal  out  at  temperatures  as  low  as  200- 
250  °C.  Hence,  the  electrons  are  released  back  to  the  quantum  well  causing  the  partial 
thermal  recovery  of  the  intersubband  transition.  Higher  irradiation  doses  on  the  other 
hand,  produce  thermally  stable  defects  such  as  arsenic  antisites  and  antisite  related  traps, 
which  can  be  annealed  out  at  temperatures  higher  than  500  °C.  It  is  clear  from  Fig.  12 
(see  solid  circles)  that  the  intersubband  transition  in  the  sample  irradiated  with  a  dose  of 
2x10  cm'  starts  recovery  at  Ta  >  600  °C  in  support  of  the  premise  that  antisite  related 
defects  are  responsible  for  trapping  of  the  two-dimensional  electron  gas  in  the  heavily 
irradiated  samples. 

Proton  irradiation  and  thermal  annealing  also  have  detrimental  effects  on  the  quantum 
well  interfaces.  When  thin  layers  of  semiconductor  quantum  well  structures  are  grown 
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Fig.  12.  Total  integrated  area  of  the 
intersubband  transitions  measured  at  T 
=  77  K  for  a  reference  sample  cut  from 
wafer  “B  ”  (solid  squares),  a  sample  cut 
from  wafer  “ A  ”  and  irradiated  with  a 
dose  of  4x1 014 cm'2  (open  squares),  and 
a  sample  cut  from  wafer  “B"  and 
irradiated  with  a  dose  of  2xlOI6cm'2 
(solid  circles). 

0  100  200  300  400  500  600  700  800 

Annealing  Temperature  fC) 
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—  n—  Irradiated  Sample  (Wafer  A,  Dose^xIO^cm’*) 

—  ■—  Reference  Sample  (Wafer  B,  Before  Irradiation) 
— •  —  Irradiated  Sample  (Wafer  B,  Dose-2xl016cm'2) 


epitaxially,  an  interdifussion  or  reordering  of  the  atoms  at  the  interfaces  occurs,  causing  a 
change  in  the  composition  profile  of  the  structures.  This  intermixing  can  be  accelerated 
by  impurities  and  dopants  or  by  thermal  annealing.  As  the  quantum  well  profile  is 
converted  from  a  rectangular  shape  to  a  more  parabolic  shape  due  to  intermixing,  the 
energy  levels  in  the  conduction  quantum  wells  are  shifted  upwards  with  the  ground  state 
being  shifted  more  than  the  first  excited  state.  Hence,  a  reduction  of  the  peak  position 
energy  of  the  intersubband  transition  in  the  GaAs/AlGaAs  multiple  quantum  wells  can  be 
observed.  This  is  demonstrated  in  Fig.  13  where  the  peak  position  energy  of  the 
intersubband  transitions  in  two  samples  is  plotted  as  a  function  of  annealing  temperature. 
The  solid  squares  were  obtained  for  the  reference  sample  cut  from  wafer  “B”.  The  open 
squares  represent  the  results  obtained  for  a  sample  cut  from  wafer  “A”  and  irradiated  with 
a  dose  of  4xl014cm'2.  We  observed  a  small  shift  in  the  peak  position  energy  in  the 

reference  sample  as  Ta  is 
changed  from  300  to  700  °C. 


Fig.  13.  The  peak  position 
energies  of  intersubband 
transitions  in  two  samples 
measured  at  T  =  77  K  as  a 
function  of  the  annealing 
temperature.  The  solid 
squares  represent  the  results 
obtained  for  the  reference 
sample  cut  from  wafer  ‘B’’ 
and  the  open  squares 
represents  the  results  obtained 
for  the  sample  that  was  cut 
from  wafer  “ A  ”  and 
irradiated  with  a  dose  of 
4x1  O' 4  cm'2. 
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On  the  other  hand,  the  results  obtained  for  the  irradiated  sample  show  a  large  decrease  in 
the  peak  position  energy  as  Ta  is  changed  from  250  to  700  °C.  The  slight  increase  of  the 
peak  position  energy  of  the  reference  sample  above  700  °C  perhaps  due  to  the  shift  of  the 
excited  state  to  the  continuum  as  the  intermixing  processes  become  dominant  at  Ta  >  700 
°C.  Further  study  is  needed  to  provide  a  more  comprehensive  understanding  of  this 
behavior  since  it  was  observed  in  many  samples  that  we  tested.  It  is  clear  from  Fig.  13 
that  the  intermixing  process  is  more  prominent  in  the  irradiated  sample  as  judged  by  the 
large  decrease  in  the  peak  position  energy  of  the  intersubband  transition,  which  leads  us 
to  conclude  that  irradiation  induced-defects  can  also  accelerate  disordering  at  the 
quantum  well  interfaces. 

The  thermal  annealing  recovery  of  intersubband  transitions  in  proton  irradiated 
GaAs/AlGaAs  multiple  quantum  wells  is  reported  in  this  section.  It  was  observed  that 
thermal  annealing  reduces  the  intensity  of  the  intersubband  transitions  in  as-grown  and 
unirradiated  samples.  The  depleted  intersubband  transitions  in  heavily  irradiated  samples 
were  observed  to  recover  as  the  annealing  temperature  is  increased.  Is  was  also  observed 
that  the  annealing  temperature  threshold  at  which  the  initial  recovery  of  the  intersubband 
transition  depends  on  the  irradiation  dose.  The  results  are  explained  in  terms  of 
irradiation-induced  vacancy,  interstitial,  and  antisite  defects,  which  trap  the  two- 
dimensional  electron  gas  in  the  quantum  wells.  As  these  traps  are  annealed  out,  the 
electrons  are  released  back  to  the  wells  causing  the  observed  recovery.  Intermixing  and 
disordering  processes  were  invoked  to  explain  the  variation  of  the  peak  position  energies 
of  the  intersubband  transitions  as  a  function  of  thermal  annealing  temperature. 

6.  He+-ion  irradiation  effect  on  intersubband  transitions  in  GaAs/AlGaAs  multiple 
quantum  wells. 

In  this  section,  we  report  on  3  MeV  He+-ion  irradiation  effects  on  the 
intersubband  transitions  in  GaAs/AlGaAs  multiple  quantum  well  samples.  The 
intersubband  transitions  were  measured  before  and  after  He+-ion  irradiation  and  it  was 
observed  that  the  intersubband  transitions  were  completely  washed  out  in  samples 
irradiated  with  H+-ion  fluences  as  low  as  lxl0,4cm'2.  Upon  isochronal  thermal 
annealing,  these  transitions  were  observed  to  partially  recover  at  annealing  temperatures 
(Ta)  as  low  as  350  °C  in  samples  that  received  lower  irradiation  doses.  But  thermal 
annealing  does  not  seems  to  cause  any  recovery  in  samples  irradiated  with  doses  higher 
than  4x1 014  cm'2.  The  total  integrated  areas  of  the  intersubband  transitions  in  irradiated 
samples  and  in  one-reference  sample  were  measured  as  a  function  of  Ta.  The  Ta  at  which 
the  thermal  annealing  recovery  of  the  depleted  intersubband  transition  occurred  was 
found  to  increase  as  the  irradiation  dose  is  increased. 

A  multiple  quantum  well  structure  used  in  the  present  study  was  grown  by  the 
molecular-beam  epitaxy  technique  on  a  semi-insulating  GaAs  substrate  with  a  0.5  pm 
thick  GaAs  buffer  layer  and  a  -200  A  thick  GaAs  cap  layer.  The  structure  is  made  of  50 
periods  of  75  A  thick  GaAs  well  and  100  A  Alo.3Gao.7As  barrier.  The  middle  50  A  of  the 
GaAs  well  region  was  Si-doped  {[Si]=lxl018  cm'3}.  Numerous  samples  were  cut  from 
the  same  wafer  and  irradiated  with  different  doses  of  3  MeV  He+-ion  generated  in  a 
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tandem  Van  de  Graaf  accelerator,  and  incident  at  7°  from  the  surface  normal  in  order  to 
reduce  ion-channeling  effects. 

The  infrared  absorption  spectra  were  recorded  at  the  Brewster’s  angle  of  GaAs 
(73°)  from  the  normal  using  a  BOMEM  Fourier-transform  interferometer  in  conjunction 
with  a  continuous  flow  cryostat.  The  temperature  was  controlled  within  ±1.0  K  and  the 
spectra  were  measured  at  either  77K  or  300K.  Furnace  isochronal  thermal  annealing  was 
performed  in  a  continuous  flow  of  nitrogen  gas  in  the  Ta  range  of  200  -  800  °C.  The 
samples  were  sandwiched  between  semi-insulating  wafers  during  annealing  to  reduce  the 
loss  of  As.  The  annealing  time  at  each  temperature  was  1 5  minutes. 

Absorbance  spectra,  measured  at  77  K,  of  intersubband  transitions  in  several 
samples  cut  from  the  same  wafer  described  above  and  irradiated  with  different  doses  are 
plotted  in  Fig.  14.  It  is  clear  from  this  figure  that  the  intensity  of  the  intersubband 
transition  is  decreased  as  the  dose  is  increased.  It  is  also  observed  that  the  peak  position 
of  the  intersubband  transition  is  shifted  toward  lower  energy  in  spectra  (b)  and  (c).  This 
can  be  explained  in  terms  of  reduction  of  the  two-dimensional  electron  gas  (2DEG) 
density  in  the  quantum  wells  due  to  trapping  by  radiation-induced  defects.  The  reduction 
of  the  2DEG  density  causes  a  decrease  of  many-body  effects,  which  lead  to  this  type  of 
shift.  The  peak  position  of  the  spectra  (d)  and  (e)  were  shifted  to  higher  energy.  This  is 
found  to  be  due  to  the  non-uniformity  of  the  wafer.  We  noted  that  samples  cut  near  the 
rim  of  the  wafer  exhibit  higher  peak  position  energy  before  irradiation.  But  their  peak 
position  energies  were  shifted  toward  lower  energy  after  irradiation.  Spectrum  (f)  was 
taken  for  a  sample  that  was  irradiated  with  a  dose  of  lxlO14  cm'2.  It  is  clear  that  this  dose 
causes  a  complete  depletion  of  the  intersubband  transition. 


Fig.  14.  Absorbance 
spectra  of  intersubband 
transitions  in  unirradiated 
[spectrum  (a)]  and  3  MeV  He+- 
ion  irradiated  GaAs/AlGaAs 
MQWs  measured  at  T  =  77K. 
The  doses  are  (b)  8x1 0‘ 2  cm'2, 
(c)  lxl 01 3  cm2,  (d)  5x1 013  cm' 
,  (e)  8xl013  cm'2,  and  (f) 
lxl  01 4  cm'2. 
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Isochronal  thermal  annealing  was  perfonned  for  a  sample  irradiated  with  a  dose 
of  5xl0ncm'2  and  the  results  are  shown  in  Fig.  15.  Spectra  (a)  and  (b)  were  measured 
before  and  after  irradiation,  respectively.  Spectra  (c),  (d),  and  (e)  were  measured  after 
irradiation  and  after  isochronal  thermal  annealing  for  15  min  at  325,  450,  and  625  °C, 
respectively.  All  spectra  were  recorded  at  77  K.  The  partial  thermal  recovery  of  the 
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intersubband  transitions  can  be  explained  as  follows.  3  MeV  He+  -  ion  irradiation 
produced  defects  that  can  trap  the  2DEG.  These  traps  must  be  related  to  vacancies, 
interstitials  and  antisites.  The  radiation-induced  defects  are  annealed  out,  hence  releasing 
the  electrons  back  to  the  quantum  well,  which  causes  the  partial  recovery  of  the 

Fig.  15.  Thermal  annealing 
recovery  of  intersubband  transitions  in 
He* -ion  irradiated  GaAs/AlGaAs 
MQW  sample.  The  irradiation  dose 
was  5x1  O'3  cm'2  and  the  annealing 
time  was  15  min  at  temperature. 

A  complete  recovery  of  the 
intersubband  transition  has  not  been 
reached.  This  is  because  other  effects 
such  as  intermixing  and  interdifiission 
are  introduced  as  the  thermal  annealing 
temperature  is  raised  above  600  °C. 
To  illustrate  this  finding,  we  tracked 
the  total  integrated  areas  of  the  intersubband  transitions  in  irradiated  and  unirradiated 
samples  as  a  function  of  annealing  temperature.  The  results  are  shown  in  Fig.  16.  The 
solid  squares  represents  the  data  obtained  for  the  control  sample.  The  total  integrated 
area  of  the  intersubband  transition  in  the  control  sample  (see  squares)  is  slowly  increased 
as  the  annealing  temperature  is  increase  from  200  to  675  °C.  This  integrated  area  is 
dramatically  decreased  as  the  annealing  temperature  is  increased  above  700  °C.  The 
same  behavior  is  observed  for  the  samples  irradiated  with  doses  of  5xl013  cm'2  (circles), 
8xl013  cm'2  (diamonds),  and  lxlO14  cm'2  (triangles).  However,  it  is  noted  from  this 
figure  that  the  magnitude  of  the  thermal  annealing  recovery  of  the  intersubband  transition 
in  the  irradiated  samples  is  decreased  as  the  irradiation  dose  is  increased.  For  example, 
the  integrated  area  measured  after  annealing  the  lxlO14  cm'2  irradiated  sample  (see 
triangles)  at  400  °C  is  lower  than  that  of  the  sample  irradiated  with  a  dose  of  5xl013  cm'2 
(see  circles).  Additionally,  the  annealing  temperature  threshold  at  which  the  recovery 
started  is  also  increase*!  as  the  irradiation  dose  is  increased.  This  could  be  explained  as 
follows.  Lower  irradiation  doses  produce  vacancy  and  interstitial  related  point  defects 
that  are  well  known  to  anneal  out  at  temperatures  as  low  as  200-250  °C.  Hence,  the 
electrons  are  released  back  to  the  quantum  well  causing  the  partial  thermal  recovery  of 
the  intersubband  transition.  Higher  irradiation  doses  on  the  other  hand,  produce  more 
thermally  stable  defects  such  as  arsenic  antisites  and  antisite  related  traps,  which  can  be 
annealed  out  at  temperatures  higher  than  500  °C  causing  the  slower  thermal  annealing 
recovery  since  the  annealing  of  traps  is  accompanied  by  the  release  of  the  electrons  to  the 
quantum  wells. 
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Fig.  16.  The  total  integrated 
area  of  the  intersubband  transitions  in 
the  control  (squares)  and  irradiated 
GaAs/AlGaAs  MQW  samples  (circles, 
diamonds  and  triangles)  obtained  as  a 
function  of  annealing  temperature.  The 
annealing  time  was  15  min  at  each 
temperature. 


He+-ion  irradiation  and  thermal  annealing  to  temperature  over  600  °C  also  have 
detrimental  effects  on  the  quantum  well  interfaces.  When  thin  layers  of  semiconductor 
quantum  well  structures  are  grown  epitaxially,  an  interdifussion  or  reordering  of  the 
atoms  at  the  interfaces  occurs,  causing  a  change  in  the  composition  profile  of  the 
structures.  This  intermixing  can  be  accelerated  by  impurities  and  dopants  or  by  thermal 
annealing.  As  the  quantum  well  profile  is  converted  from  a  rectangular  shape  to  a  more 
parabolic  shape  due  to  intermixing,  the  energy  levels  in  the  conduction  quantum  wells  are 
shifted  upwards  with  the  ground  state  being  shifted  more  than  the  first  excited  state. 
Hence,  a  reduction  of  the  peak  position  energy  of  the  intersubband  transition  in  the 
GaAs/AlGaAs  multiple  quantum  wells  can  be  observed.  When  the  annealing  temperature 
is  sufficiently  high,  the  excited  states  may  be  pushed  out  of  the  quantum  wells  causing  a 
reduction  in  the  quantum  confinement  and  in  the  oscillator  strength  of  the  transitions. 
Hence,  one  expect  to  see  a  drastic  reduction  in  the  intensity  of  the  intersubband 
transitions  as  shown  in  Fig.  16  for  all  samples,  including  the  control  sample,  at  annealing 
temperature  above  675  °C. 

Finally,  the  intersubband  transition  is  completely  depleted  in  samples  irradiated 
with  3  MeV  He+-ion  with  doses  as  low  as  lxlO14  cm'2.  These  doses  are  much  smaller 
than  the  proton  and  electron  doses  that  cause  a  complete  depletion  of  the  intersubband 
transition.  As  expected,  this  is  due  to  the  fact  that  He+  -  ion  are  more  massive  than 
electrons  and  protons  and  therefore  causes  more  extensive  damage  to  the  quantum 
structures  and  interfaces. 

In  this  section,  3  MeV  He+-ion  irradiation  effect  on  intersubband  transitions  in 
GaAs/AlGaAs  multiple  quantum  wells  is  investigated.  A  complete  depletion  of  the 
intersubband  transition  is  observed  in  samples  irradiated  with  doses  as  low  as  1x10  cm'  . 
This  dose  is  lower  than  those  of  proton  and  electrons  that  produced  the  same  effect  due  to 
the  fact  that  He+  -  ion  are  more  massive  and  hence  cause  more  damage  to  the  quantum 
structures  and  their  interfaces.  Isochronal  thermal  annealing  of  intersubband  transitions 
in  irradiated  samples  was  performed  and  partial  recovery  is  reached  in  samples  irradiated 
with  doses  smaller  than  4xl014  cm'2.  Samples  irradiated  with  higher  doses  do  not  show 
thermal  recovery  due  to  the  catastrophic  irradiation-induced  damage.  The  total  integrated 
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area  of  the  intersubband  transition  was  also  investigated  in  irradiated  samples  as  a 
function  of  thermal  annealing  temperature.  The  behavior  of  the  thermal  annealing 
recovery  of  the  intersubband  transition  was  found  to  depend  on  the  irradiation  dose. 

7.  Nitrogen  Vacancy  in  Proton-Irradiated  AlxGai.xN 

Ill-nitride  semiconductors  have  been  one  of  the  most  investigated  classes  of 
materials  in  recent  years  due  to  their  optoelectronic  applications  in  the  ultraviolet  and 
visible  spectral  regions.  Since  the  optical  and  electronic  qualities  of  a  semiconductor  are 
highly  influenced  by  the  nature  of  impurities,  dopants  and  native  defects,  it  is  thus  very 
important  to  understand  the  properties  of  these  defects.  As  grown  GaN  is  n-type  and  the 
n-type  conductivity  has  been  associated  with  the  nitrogen  vacancy.  In  this  section,  we 
report  on  the  direct  observation  of  nitrogen  vacancy  (Vn)  in  proton  irradiated  AlGaN  thin 
films  using  the  optical  absorption  technique.  The  present  optical  absorption 
measurements  of  the  VN  energy  level  indicate  that  this  energy  level  is  above  and  below 
the  conduction  band  minimum  of  GaN  and  AIN,  respectively.  A  shoulder  was  also 
observed  in  the  spectrum  suggesting  that  there  are  more  than  one  optically  active  energy 
level  associated  with  the  VN.  Additionally,  the  present  results  show  that  the  VN  energy 
level  emerges  out  of  the  conduction  band  into  the  fundamental  bandgap  at  x  =  0.45.  A 
comparison  between  the  present  results  and  the  previously  reported  theoretical 
calculations  will  be  presented. 

The  AlxGa/.JN  thin  films  of  thickness  1  |im  or  less  were  grown  by  metalorganic 
chemical  vapor  deposition  technique  on  sapphire  substrates.  Each  sample  investigated 
here  was  irradiated  with  the  following  proton  doses:  10  keV  (3.5x10^  cm'2),  20  keV 
(3.8xl015  cm'2),  30  keV  (4.4xl015  cm'2),  50  keV  (6.0xl015  cm'2),  70  keV  (6.3xl015  cm'2), 
and  100  keV  (9.7x1 015  cm'2).  This  irradiation  scheme  was  chosen  to  produce  a  constant 
profile  of~4.0xl020  proton/cm'2  in  the  depth  range  of  0  -  0.8  fim. 

During  each  irradiation  step,  the  ion-beam  flux  was  kept  relatively  low  (<7xl012 
cm'2  s'1),  which  produce  a  negligible  ion-beam  heating  effect.  Hence,  the  samples’ 
temperature  remains  around  room  temperature  during  irradiation  to  avoid  annealing  the 
induced  vacancies.  Nitrogen  vacancies  were  not  observed  in  samples  irradiated  with  1 
MeV  protons  since  the  sample  temperature  was  increased  above  160  °C  during 
irradiation.  The  optical  absorption  spectra  were  collected  using  a  Varian  Cary  500 
spectrometer  in  conjunction  with  a  closed-cycle  refrigerator.  Several  Al^Ga^N  samples 
with  different  A1  mole  fractions  including  binary  compounds  (x  =  0  and  1)  samples  were 
irradiated  with  proton.  The  optical  absorption  spectra  were  measure  at  10  K  before  and 
after  irradiation.  A  few  spectra  are  shown  in  Fig.  17  for  four  samples  that  illustrate  the 
VN  energy  level  as  the  Al  mole  fraction  (x)  is  changed  from  0.35  to  1.  In  Fig  17. (a)  the 
spectrum  of  the  sample  after  irradiation  is  red-shifted  but  a  peak  was  not  observed  since 
the  VN  energy  level  is  still  resonant  in  the  conduction  band.  In  Fig.  1(b)  the  spectrum  of 
the  irradiated  sample  exhibit  a  shoulder  at  4.11  eV.  However,  upon  irradiating  an 
Alo.tfGao.^N  sample,  the  spectrum  [Fig.  17  (c)]  shows  a  peak  at  4.610  eV  and  shoulder  at 
4.220  eV.  This  sample  clearly  demonstrates  that  the  VN  energy  level  is  emerged  from  the 
conduction  band  into  the  fundamental  band  gap.  It  is  clear  from  these  spectra  that  the  VN 
energy  level  can  be  observed  in  samples  where  the  band  edge  absorption  is  higher  than 
the  VN  absorption  band.  Stronger  evidence  of  the  presence  of  the  VN  energy  level  is 
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shown  in  the  spectrum  of  the  AIN  sample  in  Fig.  17  (d),  where  the  band  gap  is  6.28  eV. 
The  peak  observed  in  spectrum  (2)  in  Fig.  17  (d)  is  broad  and  it  appears  to  be  composed 
of  two  peaks.  In  fact,  when  a  baseline  correction  was  made  for  spectrum  (2)  in  Fig.  1(c), 
the  spectrum  shape  is  found  to  be  identical  to  that  of  spectrum  (2)  in  Fig.  17  (d). 

It  is  found  that  the  total  integrated  area  of  the  Vn  absorption  band  in  samples  with  0.50  < 
x  <  0.61  is  approximately  twice  as  large  as  that  of  Vn  absorption  band  in  AIN  samples. 
This  suggests  that  the  production  rate  of  the  Vn  in  the  proton  irradiated  samples  is 
decreased  as  the  Al  mole  fraction  is  increased.  Based  on  this  finding,  we  estimated  the 
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Fig.  17.  Optical  absorption  spectra  of  AlxGaj.xN  samples  measured  at  10  K 
before  and  after  proton  irradiation,  where  x  is  (a)  0.35,  (b)  0.53,  (c)  0.60,  and  (d)  1.0. 
The  absorption  band  observed  below  the  band  edge  is  assigned  to  the  nitrogen  vacancy. 

Vn  energy  level  in  lower  Al  mole  fraction  samples  by  using  the  following  procedure.  The 
threshold  energy  of  the  Vn  absorption  band  was  measured  for  all  samples  with  0  <  x  <  1 . 
Then  the  peak  position  energy  of  the  Vn  absorption  band  was  measured  for  the  samples 
with  x  >  0.55.  The  difference  between  the  peak  position  and  the  threshold  energies  (AE) 
was  then  calculated  for  the  samples  with  x  >  0.55  and  fitted  with  a  linear  equation.  The 
results  is  found  to  be  AE  (nm)  =  99-65  x.  Finally,  the  peak  position  was  estimated  for 
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the  samples  where  the  Vn  energy  level  is  still  above  the  conduction  band  minimum  by 
subtracting  AE  from  the  threshold  energy.  Again,  the  threshold  energy  was  found  to  be 
below  the  conduction  band  minimum  for  all  samples  including  GaN.  The  nitrogen 
vacancy  energy  level  obtained  here  is  plotted  along  the  conduction  and  valence  bands  of 
AlGaN  in  Fig.  18.  Solid  squares  are  the  measured  (estimated)  Vn  peak  position  energy 
for  the  irradiated  samples  with  x  >  0.55  (x  <  0.55).  Linear  fitting  of  the  VN  peak  position 
energy  gives 

E(Vn)  =  4.23  +  0.67  x  (eV),  (2) 

where  E(Vn)  is  the  nitrogen  vacancy  energy  level.  This  linear  relationship  is  shown  as 
dashed  line  in  Fig.  18.  The  valence  band  was  taken  as  the  reference  energy  (0.0  eV)  and 
the  conduction  band  was  obtained  from  the  optical  absorption  spectra  measured  in  several 
unirradiated  samples  with  different  Al  mole  fractions.  The  conduction  band  minimum 
was  fitted  with  a  nonlinear  equation  and  the  result  is  shown  in  the  following  expression: 

Eg(x)  =  3.495  (1  -  x)  +  6.28  x  -  0.85  x  (1  -  x).  (3) 

It  is  clear  from  Fig.  18  that  E(Vn)  resonant  in  the  conduction  band  and  emerges  into  the 
fundamental  band  gap  at  x  ~  0.45. 

Most  theoretical  calculations  of  point  defects  in  Ill-nitride  semiconductors  were 
performed  for  binary  compounds.  The  general  consensus  is  that  Vn  has  two  states.  In 
GaN  there  are  s-like  (Ai)  states  that  are  resonant  in  the  valence  band  and  p-like  (T2) 
states,  which  are  resonant  in  the  conduction  band.  Additionally,  the  p-like  state  is  split 
into  a  singlet  and  doublet.  It  was  estimated  that  the  singlet  state  is  about  0.8  eV  above  the 
bottom  of  the  conduction  band  or  4.25  eV  above  the  valence  band  assuming  that  the  GaN 
band  gap  is  3.45  eV.  This  calculated  value  is  in  good  agreement  with  the  estimated  VN 
energy  level  value  of  4.08  eV  obtained  from  the  present  measurements  and  with  the  value 
of  4.23  eV  obtained  from  Eq.  (1).  The  present  measurements  as  shown  in  Fig.  17  (d) 
clearly  demonstrate  that  T2  state  is  in  fact  exists  in  the  fundamental  band  gap. 

Fig.  18.  The  peak  position 
energy  of  the  nitrogen  vacancy 
energy  level  determined  by  the 
optical  absorption  technique  is 
plotted  as  a  function  of  the  Al 
mole  fraction  (solid  squares). 
The  dashed  line  is  a  linear  fit  of 
the  experimental  data  and 
presents  Eq.  (2).  The  solid 
lines  are  the  valence  band 
maximum  and  the  conduction 
band  minimum  plots  as  a 
function  of  x.  The  conduction 
band  minimum  was  plotted 
using  Eq.  (3). 
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Isochronal  annealing  was  performed  on  the  AlftdGaft4N  irradiated  sample  shown  in  Fig. 
17(c).  The  result  is  shown  in  Fig.  19.  In  this  figure  we  plotted  the  total  integrated  area 
measured  under  the  peak  and  the  shoulder  shown  in  spectrum  (2)  in  Fig.  17  (c)  as  a 
function  of  annealing  temperatures.  The  sample  was  annealed  for  15  min  at  each 
temperature.  The  total  integrated  area  is  directly  proportional  to  the  density  of  the  defect. 
We  assumed  that  both  the  peak  and  the  shoulder  are  belonging  to  the  same  defect  since 
the  isochronal  annealing  rate  is  found  to  be  the  same  for  both  the  peak  and  the  shoulder. 
It  is  clear  from  this  figure  that  the  defect  responsible  for  the  absorption  band  with  the 
peak  and  shoulder  starts  to  anneal  out  at  200  °C  and  it  is  almost  washed  out  when  the 
annealing  temperature  reached  450  °C.  We  observed  that  those  defects  are  completely 
annealed  out  when  the  sample  is  isothermally  annealed  for  longer  periods  of  time  at 
temperatures  as  low  as  400  °C.  The  annealing  results  confirmed  our  assumption  that  the 
irradiation-induced  defect  observed  in  the  optical  absorption  spectra  in  proton  irradiated. 


Fig.  19.  The  total  integrated 
area  of  the  nitrogen  vacancy 
band  observed  in  the  proton 
irradiated  Alo.6Gao.4N  sample 
shown  in  Fig.  17(c)  as  a  function 
of  thermal  annealing 
temperature.  The  sample  was 
annealed  for  15  min  at  each 
temperature.  The  solid  line  is 
drawn  as  a  guide  to  the  eye. 
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sample  is  indeed  a  nitrogen 
vacancy.  The  annealing  temperature  range  used  here  (  200  -  400  °C)  is  a  typical  range 
for  annealing  donor  vacancies  in  III-V  semiconductors  For  example,  the  antisites  are 
usually  annealed  out  at  temperature  higher  than  600°C  while  interstitials  and  accepter 
vacancies  are  annealed  at  temperature  lower  than  150°C  or  even  below  room  temperature. 

In  this  section,  we  presented  optical  absorption  spectra  for  the  nitrogen  vacancy  in 
proton  irradiated  AUG/JM  samples.  The  results  indicate  that  the  nitrogen  vacancy  energy 
level  (T2)  is  resonant  in  the  conduction  band  and  emerges  into  the  fundamental  band  gap 
at  x~0.45.  A  peak  and  a  shoulder  were  observed  in  the  nitrogen  vacancy  absorption  band 
and  the  peak  position  is  found  to  be  4.77  eV  in  AIN.  The  nitrogen  vacancy  energy  level 
was  extrapolated  to  the  GaN  samples  and  found  to  be  ~  4.08  eV.  These  results  were 
found  to  be  in  good  agreement  with  the  reported  theoretical  calculations  of  the  nitrogen 
vacancy  in  both  GaN  and  AIN  materials.  Isochronal  thermal  annealing  shows  that  the 
observed  absorption  band  that  is  assigned  to  the  nitrogen  vacancy  starts  to  anneal  out  at 
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temperatures  as  low  as  250  °C.  Based  on  the  total  integrated  area  of  the  nitrogen  vacancy 
absorption  band,  we  additionally  concluded  that  the  production  rate  of  the  nitrogen 
vacancy  in  proton  irradiated  AlxGa/.xN  is  decreased  as  x  is  increased. 

8.  Thermal  Annealing  Effect  on  Nitrogen  Vacancy  in  Proton  Irradiated  AlxGai_xN. 

Since  the  optical  and  electronic  qualities  of  a  semiconductor  are  highly  influenced 
by  the  nature  of  impurities,  dopants  and  native  defects,  it  is  thus  very  important  to 
understand  the  properties  of  these  defects.  In  this  section,  we  report  on  the  thermal 
annealing  behavior  of  an  absorption  band  observed  below  the  band  edge  in  proton 
irradiated  AlGaN  samples  and  attributed  to  the  nitrogen  vacancy  (Vn)  in  the  previous 
section.  The  isothermal  annealing  is  performed  in  the  temperature  range  of  150  -  350  °C, 
which  is  the  range  that  group  V  vacancies  in  III-V  compound  semiconductors  were  found 
to  anneal  out.  The  full  width  at  half  maximum  (FWHM)  of  the  VN  absorption  band  is 
investigated  in  the  temperature  range  of  10  -  300  K.  From  fitting  the  FWHM  data  using 
the  configuration  coordinate  model,  we  estimated  that  the  broadening  of  the  band  is  due 
to  a  phonon  coupling  with  an  energy  of  47.8  meV.  Frank-Condon  shift  was  also 
estimated  and  found  to  be  large  enough  to  conclude  that  there  is  a  large  lattice  distortion 
in  the  vicinity  of  the  defect. 

Two  undoped  AlxGa/.xN  thin  films  with  x  =  0.61  and  1.0  and  of  thickness  1  pm  or 
less  were  grown  by  metalorganic  chemical  vapor  deposition  technique  on  sapphire 
substrates.  Each  sample  investigated  here  was  irradiated  with  the  following  proton  doses: 
10  keV  (3.5xl015  cm"2),  20  keV  (3.8xl015  cm'2),  30  keV  (4.4xl015  cm'2),  50  keV 
(6.0xl015  cm'2),  70  keV  (6.3xl015  cm'2),  and  100  keV  (9.7xl015  cm'2).  This  irradiation 
scheme  was  chosen  to  produce  a  constant  profile  of  ~4.0xl020  proton/cm'2  in  the  depth 
range  of  0  -  0.8  |im.  During  each  irradiation  step,  the  ion-beam  flux  was  kept  relatively 
low  (<7xl012  cm'2  s'1),  which  produce  a  negligible  ion-beam  heating  effect.  Hence,  the 
samples’  temperature  remains  around  room  temperature  during  irradiation  to  avoid 
annealing  the  induced  vacancies.  The  optical  absorption  spectra  were  recorded  using  a 
Varian  Cary  500  spectrometer  in  conjunction  with  a  closed-cycle  refrigerator,  which  is 
used  to  cool  the  samples  to  10K. 

The  absorbance  spectra  for  the  Alo.6iGao.39N  and  AIN  samples  are  shown  in  Fig. 
20  (a)  and  (b),  respectively,  before  and  after  irradiation  and  after  thermal  annealing  the 
irradiated  samples  at  different  temperatures.  The  oscillations  in  the  spectrum  collected 
before  irradiation  in  Fig.  20  (b)  are  due  to  the  interference  in  the  epitaxial  thin  film.  These 
interference  patterns  are  used  to  estimate  the  layer  thick.  From  this  figure  we  estimated 
the  AIN  thin  film  thickness  to  be  0.43  pm  assuming  a  refractive  index  value  of  2.2.  As 
pointed  out  previously8,  the  absorption  band  observed  in  both  Alo.6iGao.39N  and  AIN 
samples  is  composed  of  a  peak  and  a  shoulder  overriding  the  lower  energy  side  of  the 
peak.  Both  the  shoulder  and  the  peak  are  annealed  out  with  the  same  annealing  rate 
suggesting  that  both  are  related  to  the  same  defect.  It  is  clear  from  this  figure  that  the 
absorption  band  is  reduced  drastically  as  the  annealing  temperature  is  reached  350  °C. 
The  total  integrated  area  of  the  absorption  band  is  directly  proportional  to  the 
concentration  of  the  defect.  The  relative  integrated  area  is  thus  equal  to  the  relative 
concentration  (N/N0),  where  N  is  the  concentration  of  the  irradiation-induced  defect  at 
any  giving  annealing  temperature  and  N0  is  the  concentration  of  the  irradiation-induced 
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Fig.  20.  Absorbance  spectra  of  (a)  Alo.6iGao.39N  and  (b)  AIN  thin  films  measured  at  10K 
before  and  after  proton  irradiation.  The  rest  of  the  spectra  were  recoded  after  the 
samples  are  irradiated  and  thermally  annealed  at  various  temperatures  ranging  between 
150  and  350  °C.  The  samples  were  annealed for  15  min  at  each  temperature. 

defect  before  thermal  annealing.  The  natural  log  of  (N/N0)  is  plotted  in  Fig.  21  as  a 
function  of  annealing  time  for  different  annealing  temperatures  for  both  Alo.6iGao.39N 


Fig.  21.  The  natural  log  of  the  relative  defect  concentration  measured  as  a  function  of 
annealing  time  for  (a)  Alo.6iGao.39N  and  (b)  AIN  thin  films  at  various  temperatures.  The 
solid  lines  in  both  figures  represent  the  linear  fits  of  the  data.  The  slopes  of  the  lines  are 
the  annealing  rates  [AfT) ]  for  various  annealing  temperature. 
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[Fig.  21  (a)]  and  AIN  [Fig.  21  (b)]  samples.  The  solid  lines  are  due  to  the  linear  fits  of 
the  data.  The  variation  of  the  defect  concentration  as  a  function  of  time  at  a  constant 
temperature  can  be  written  as 

-  =  -X(T)N,  (4) 

dt 

where  A.(T)  is  the  annealing  rate  which  takes  the  following  form 

vn  1  (AS\  (-AH' \ 

KT)=  tt  exp  —  exp  — —  •  (5) 

J  V  ^  J  kT  J 

Here  T  is  the  temperature,  v0  is  the  lattice  frequency  which  is  equivalent  to  Debye 
frequency,  Nj  is  the  average  number  of  jumps  before  annealing,  k  is  the  Boltzmann 
constant,  AS  is  the  entropy  and  AH  is  the  enthalpy  associated  with  the  migration  process, 
i.e.  the  energy  needed  for  the  defect  to  overcome  before  annihilation.  Thus,  the  slopes  of 
the  lines  in  Fig.  21  (a)  and  (b)  represent  A(T)  at  a  given  temperature.  The  natural  log  of 
X,(T)  is  plotted  as  a  function  of  ( 1  /kT)  in  Fig.  22  for  both  Alo.6iGao.39N  (solid  squares)  and 
AIN  (solid  diamonds)  samples.  AH  is  then  obtained  from  the  slopes  of  the  linear  fits  of 
the  data.  The  solid  lines  in  Fig.  22  are  the  linear  fits,  which  give  AH  =  0.410  ±  0.023  eV 
and  AH  =  0.445  ±  0.037eV  for  Alo.6iGao.39N  and  AIN,  respectively.  Since  information  on 
the  values  of  AH  for  various  native  defects  in  Ill-nitride  materials  is  scarce,  the  estimated 
values  can  be  however  compared  to  the  vacancies  in  GaAs.  The  AH  values  obtained  from 
Fig.  22  are  in  good  agreement  with  the  value  of  0.4eV  reported  by  Chiang  and  Pearson 
for  Vas  in  GaAs.  It  is  noted  that  these  AH  values  are  much  smaller  than  those  obtained 
for  V(3a  (~2.0eV)  in  GaAs. 


(a)  AlGaN 

(b)  AIN 


:(a)  X.(T)  =  86.488  * 
•(b)  X(T)  =  111.808 


^(-0.410/kT) 
k  (-0,44  S/kT) 


Fig.  22.  The  natural  log  of  the 
annealing  rate,  MJ),  measured  as 
a  function  of  l/(kT)  for  both  (a) 
Alo.6iGao.39N  and  (b)  AIN  thin 
films.  The  lines  are  the  linear  fits 
of  the  data  and  their  slopes 
represent  the  enthalpy  ( AH)  of  the 
defect  in  both  Alo.6iGao.39N  and 
AIN. 


speaking, 


18  20  22  24  26  28  Generally  speaking,  the 

i/(kT>  <eV )  presence  of  vacancies  in 

semiconductors  produces  large 
distortions  in  the  crystal.  To  verify  this  assertion,  the  FWHM  of  the  presumably  Vn 
absorption  band  in  AIN  [see  Fig.  20  (b)]  is  measured  as  a  function  of  temperature  and  the 
result  is  plotted  in  Fig.  23.  The  configuration  coordinate  approach  is  used  to  estimate  the 
electron-phonon  coupling  that  accompanied  the  transition  responsible  for  the  absorption 
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band  in  Fig.  20  (b).  The  solid  line  in  Fig.  23  is  the  results  of  fitting  the  data  with  the 
expression 

FWHM  =  ^i^y[sno)y[comhc^ 2kf)  ,  (6) 

assuming  the  configuration  coordinate  curves  for  both  the  ground  and  excited  sates  of  the 
localized  center  are  identical  parabolas  with  the  same  angular  frequency.  S  in  Eq.  (6)  is  the 
Huang-Rhys  factor,  which  is  a  measure  of  strong  (S  »  1)  or  week  (S  «  1)  electron- 
phonon  coupling,  hoo  is  the  phonon  energy,  k  is  the  Boltzmann  constant,  and  T  is  the 
temperature.  S  and  hco  were  used  as  fitting  parameters  and  the  fitting  procedure  gives  S  = 
23.9  and  hco  =  47.8meV.  The  large  value  of  S  is  an  indication  of  a  large  electron-phonon 
coupling.  The  phonon  energy  of  hco  =  47.8meV  obtained  here  is  in  good  agreement  with 
the  E2  phonon  mode  energy  of  52.8  meV  measured  for  AIN  material.  Thus,  Franck- 
Condon  shift  (dFc)  is  estimated  from  S  and  hco  values  to  be  dFc  =  Shco  =  1.142  eV.  This 
value  is  an  indication  of  a  large  lattice  relaxation  associated  with  Vn  vacancy  in  AIN.  The 
small  value  of  the  enthalpy  (~0.4eV),  the  large  value  of  the  Frank-Condon  shift  (~1.14  eV), 
and  the  annealing  temperature  range  of  150  -350  °C  are  all  in  support  of  the  identification 
of  the  absorption  band  observed  below  the  conduction  band  (See  Fig.  20)  with  the  nitrogen 
vacancy  in  the  proton  irradiated  AlGaN  thin  films. 


Fig.  23.  The  FWHM  of  the  absorption 
band  observed  in  AIN  thin  film  [see  Fig. 
1(b)]  as  a  function  of  temperature.  The 
solid  line  is  the  result  of  fitting  the  data 
using  Eq.  (6). 

In  this  section,  we  investigated 
the  isothermal  annealing  effect  on  the 
absorption  band,  which  attributed  to 
the  nitrogen  vacancy,  observed  below 
the  conduction  band  in  proton 
irradiated  Alo.6iGao.39N  and  AIN  thin 
films.  The  Absorption  band  begins  to 
anneal  at  temperatures  as  low  as 
150°C.  The  enthalpy  associated  with  the  migration  process  is  estimated  by  studying  the 
relative  defect  concentration  as  a  function  of  time  for  different  annealing  temperatures 
and  found  to  be  ~0.4  eV.  The  electron-phonon  coupling  was  also  investigated  by 
measuring  the  FWHM  of  the  vacancy  absorption  band  in  AIN  and  it  is  estimated  that  the 
electronic  transition  is  coupled  to  E2  phone  mode.  Franck-Condon  shift  was  estimated  to 
be  1.42  eV,  which  indicates  a  large  lattice  distortion  in  the  vicinity  of  the  defect. 
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9.  Local  Vibrational  Modes  of  Carbon-Hydrogen  Complexes  In  Proton  Irradiated 
AlGaN 

In  the  fabrication  of  Ill-nitride  based  devices,  ion  bombardment  is  a  very  attractive 
tool  for  several  technological  steps,  such  as  electrical  and  optical  selective-area  doping,  dry 
etching,  quantum  well  intermixing,  etc.  The  performance  of  devices  such  as  fast  switches, 
and  detector  has  been  improved  by  subjecting  them  to  well-controlled  dose  of  particle 
irradiation.  For  example,  proton  bombardment  induced  defect  with  varying  proton  energy 
presents  an  opportunity  for  spatially  varying  carrier  lifetime  and  free  carrier  densities  in 
semiconductors,  which  has  already  successfully  been  implemented  in  Si  device  fabrication. 
Compare  to  the  understanding  of  ion  beam  process  in  mature  semiconductors  (i.e.  Si  and 
GaAs),  the  understanding  of  the  complex  ion  beam  process  in  IH-nitrides  is  still  at  its 
infancy.  In  order  to  avoid  the  deleterious  effects  of  some  of  these  particle-induced  defects, 
and  utilize  the  beneficial  effects,  depending  on  the  application,  much  more  work  is 
essentially  needed  to  understand  the  effect  of  irradiation  on  IH-nitride  material  and  device 
behaviors. 

Local  vibrational  modes  (LVMs)  spectroscopy  is  a  powerful  tool  in  identifying 
impurities  and  dopant  incorporation  in  semiconductors.  Local  vibrational  modes  are  localized 
in  both  the  real  and  frequency  domains,  giving  rise  to  sharp  peaks  in  infrared-absorption 
spectra.  With  this  method,  one  can  identify  the  lattice  site  of  the  impurity  atoms  due  to  the 
fact  that  LVMs  of  impurities  are  sensitively  affected  by  the  atomic  structure  surrounding  the 
dopant  or  impurity  atom.  One  typical  example  is  that  isotopic  composition  of  the  impurity 
and  the  surrounding  atoms  results  in  well-defined  shifts  in  the  vibrational  frequencies. 

This  study  is  focused  on  investigating  carbon-hydrogen  complexes  in  proton 
irradiated  AlGaN  Local  vibrational  modes  of  C-H  complexes  in  a  series  of  undoped.  Si- 
doped,  and  Mg-doped  AlGaN  samples  grown  on  sapphire  substrate  by  the  metalorganic 
chemical  vapor  deposition  technique  (MOCVD)  technique.  The  samples  have  been 
investigated  by  using  IMeV  high-energy  proton  irradiation.  LVMs  spectra  were  recorded 
before  and  after  proton-irradiating  the  samples.  Thermal  behavior  of  C-H  complexes  in 
AlGaN  has  been  investigated  by  performing  furnace  thermal  annealing.  Furthermore,  we 
report  on  the  evolutions  of  C-H  LVMs  in  proton  irradiated  sample  as  a  function  of 
irradiation  dose  and  thermal  annealed.  The  aging  effect  of  the  sample  annealed  at  Ta  >  500°C 
is  also  presented. 

All  the  AlGaN  samples,  including  unintentionally  doped  AlGaN,  intentionally  Si- 
doped  and  Mg-doped  AlGaN  used  in  this  study  were  grown  on  sapphire  substrate  with 
AIN  buffer  layer  using  the  MOCVD  technique.  The  A1  mole  fraction  ranges  from  20%  to 
60%.  The  infrared-absorption  measurements  were  performed  with  a  BOMEM  Fourier- 
transform  spectrometer,  which  covers  the  spectral  range  of  450  -  4500  cm'1,  which  is  the 
range  of  interest  to  the  present  investigation.  The  temperature  was  controlled  within 
±  1  .OK  and  the  spectra  were  measured  at  both  300  K  and  77  K. 

The  samples  were  irradiated  with  IMeV  protons  and  each  sample  received  the 
following  sequential  doses  l.OxlO16,  5.0xl016  and  lO.OxlO16  cm'2.  Infrared  absorption 
measurements  were  performed  before  irradiation  and  after  each  of  the  above  irradiation 
doses  to  investigate  the  evolution  of  C-H  LVM  spectra  and  their  integrate  areas.  Furnace 
isochronal  thermal  annealing  was  performed  on  three  samples  to  investigate  the  thermal 
annealing  behavior  of  C-H  complexes  in  as-grown  and  proton  irradiated  AlGaN  thin 
films.  The  three  samples  used  in  this  study  are  undoped  Alo.6Gao.4N  sample  [denoted  as 
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(A)],  Si-doped  Alo.6Gao.4N  sample  [denoted  as  (B)]  and  Mg-doped  Alo.4Gao.6N  sample 
[denoted  as  (C)].  All  these  samples  were  sandwiched  between  two  boron  nitride  wafers 
to  reduce  the  loss  of  nitride  and  ionization  and  heated  in  a  continuous  flow  of  N2.  For 
Mg-doped  Alo.4Gao.6N  sample,  [sample  (C)],  it  was  heated  at  a  sequence  of  temperatures 
from  100  to  900°C  in  steps  of  50°C,  and  the  annealing  time  was  2  minutes  at  Ta  ^  700°C 
and  15  minutes  at  Ta  >  750°C.  Infrared  (IR)  absorption  measurements  were  made  just 
after  each  annealing  treatment  on  sample  (C)  as  well  as  after  waiting  for  periods  of 
several  days  for  each  annealing  treatment.  This  procedure  allows  us  to  observe  the 
variation  of  the  C-H  LVM  intensities  and  the  aging  effect.  The  aging  effect  is  performed 
at  each  annealing  temperature  above  500  °C. 

All  the  doped  and  undoped  samples  tested  before  and  after  proton  irradiation  in 
this  study  were  found  to  contain  five  IR  peaks  in  the  spectral  range  of  2846  -2963cm-1. 
Figure  24  shows  the  FTIR  spectrum  performed  at  77K  in  the  range  of  2800  -  3050  cm-1 
for  the  undoped  Alo.6Gao.4N  sample  implanted  with  IMeV  proton  and  a  dose  of 
lxl016cm-2.  This  spectrum  can  be  resolved  into  five  peaks  at  2849,  2870,  2902,  2918  and 
2960  cm-1.  Based  on  a  comparison  between  the  LVM  measurement  in  GaN  and  the 
calculated  C-H  frequencies  in  a-Sii.xCx:  H,  we  ascribe  these  five  peaks  to  symmetric  and 
asymmetric  stretching  modes  of  CHn  (n=l,2,3)  complexes  in  AlGaN.  The  absorption 
peak  at  2848  cm'1  is  attributed  to  a  stretching  mode  of  CH;  the  peaks  at  2904  and  2916 
cm-1  are  attributed  to  a  symmetric  and  an  asymmetric  stretching  mode  of  CH2, 
respectively;  and  the  peaks  at  2870  and  2960  cm-1  are  attributed  to  symmetric  and 
asymmetric  stretching  mode  of  CH3.  Table  III  summarize  the  LVMs  of  C-H  complexes  in 
AlGaN,  GaN  and  a-Sii_xCx:  H.  From  all  the  spectra  of  AlGaN  samples  that  have  been 
tested,  we  noted  that  the  frequencies  of  these  five  peaks  are  sample  dependent.  It  was 
found  that  the  C-H  stretching  mode  frequency  could  vary  in  different  samples  between 
2846-2852  cm-1,  the  CH2  symmetric  and  asymmetric  stretching  modes  vary  between 

2901-2906  and  2914-2922  cm’ 
1  respectively,  and  the  CH3 
symmetric  and  asymmetric 
stretching  modes  vary  between 
2869-2873  and  2957-2963  cm- 
*,  respectively. 

Fig.  24.  Infrared  absorption 
spectrum  measured  at  77K  for 
a  proton  irradiated  Alo.6Gao.4N 
sample.  The  IR  absorption 
peaks  are  resolved  into  five 
peaks  at  2848,  2870,  2904, 
2916  and  2960  cm'1.  The  solid 
line  is  the  actual  spectrum 
while  the  dotted  lines  are 
Guassians  added  to  the 
spectrum  for  clarification. 
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Table  III.  Vibrational  stretching  mode  frequencies  of  carbon-hydrogen  complexes  in 
AlGaN,  Mg-doped  GaN  and  a-Sii.xCx:H  thin  films  measured  at  77K.  The  AlGaN  sample 
was  irradiated  with  IMeV  proton  and  a  dose  of  lxl0,6cm'2.  The  unit  of  the  frequencies  is 


Stretching 

Measured 

Measured 

Measured 

Calculated 

Mode 

frequencies 

frequencies 

frequencies 

frequencies 

in  AlGaN 

in  GaN 

in  a-Sii-xC*:  H 

in  a-Sii-xCx:H 

CH 

2848  ±4 

28531  1 

2860 

2850 

ch2 

Asymmetric 

291616 

292311 

2890-2920 

2949 

ch2 

Symmetric 

290413 

290015 

2870-2880 

2902 

ch3 

Asymmetric 

296013 

295612 

2940-2960 

2950 

ch3 

Symmetric 

287013 

287015 

2870-2880 

2878 

The  LVMs  spectra  of  Mg-doped  Alo.43Gao.57N  sample  tested  before  and  after 
proton  irradiation  were  shown  in  Figure  25.  Spectrum  (1)  in  this  figure  was  obtained 
from  the  as-grown  sample.  Spectrum  (2)  and  (3)  were  obtained  for  this  sample  after 
irradiation  with  IMeV  protons  and  doses  of  5x10 16  and  lxlO17  cm'2,  respectively.  It  is 
clear  from  this  figure  that  the  implantation  of  proton  into  AlGaN  gives  rise  to  a  much 
more  significant  intensities  variation  of  the  CH3  asymmetric  stretching  mode  than  that  of 

other  modes.  All  the 
other  samples  we  tested 
in  this  study  shows 
similar  behavior. 


Fig.  25.  Local 
vibrational  mode 

spectra  of  C-H 
complexes  measured  at 
77 K  for  a  Mg-doped 
AlGaN  sample. 

Spectrum  (1)  was 
obtained  for  as-grown 
sample.  Spectra  (2),  (3) 
were  obtained  for 
sample  irradiated  by 
IMeV  proton  with  doses 
of  5x1 01 6  and  lxlO17 
cm2,  respectively. 

The  evolution  of  the  LVMs  integrated  areas  of  C-H  complexes  in  undoped.  Si- 
doped,  and  Mg-doped  with  different  doses  of  proton  is  plotted  in  Fig.  26.  Line  (1)  is 
obtained  for  undoped  Alo.6Gao.4N  sample,  line  (2)  is  for  Mg-doped  Alo.43Gao.57N  sample, 
and  line  (3)  is  for  Si-doped  Alo.56Gao.44N  sample.  It  is  observed  that  the  LVMs  intensities 
of  CH  complexes  are  increased  as  the  irradiation  dose  is  increased  in  Mg  and  Si  doped 
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AlGaN  thin  films  in  the  entire  irradiation  range  used  in  this  study.  In  the  doped 
materials,  the  hydrogen  atoms  seem  to  continue  to  form  CH  complexes  without  reaching 
the  saturation  stage.  On  the  other  hand,  the  intensities  of  the  CH  LVMs  complexes  in  the 
undoped  AlGaN  sample  were  increased  first  and  then  start  to  decrease  as  the  proton 
irradiation  dose  is  increased  above  5xl016cm'2. 


Fig.  26.  The  integrated  areas  of 
carbon-hydrogen  LVMs  in 
undoped,  Si-doped,  Mg-doped 
AlGaN  samples  plotted  as  a 
function  of  irradiation  dose. 


Wave  number  (cm1) 


Fig.  27.  Local  Vibrational 
Modes  spectra  measured 
before  annealing  (solid  line) 
and  after  15  minutes 
annealing  at  500°C  (dot  line) 
in  sample  (1),  (2)  are  shown. 
Sample  (1)  is  Si-doped  as- 
grown  Alo.6Gao.4N.  Sample  (2) 
is  un-doped  Alo.6Gao.4N  with 
IMeV  proton  irradiation  at 
the  dose  of  SxlO1 6 cm'2.  All  the 
measurements  were  carried 
out  at  77K. 


Figure  27  shows  infrared  absorbance  spectra  of  sample  (A)  (spectrum  1)  and 
sample  (B)  (spectrum  2)  measured  before  (solid  line)  and  after  15  minutes  thermal 
annealing  at  500°C  (dotted  line).  The  thermal  annealing  behavior  of  LVMs  spectra  of  C- 
H  complexes  in  sample  (C)  is  shown  in  Fig.  28(a)  -  (c).  Figure  28(a)  shows  the  LVMs 


35 


spectral  behavior  as  the  annealing  temperature  is  changed.  Figure  28(b)  shows  spectra 
for  the  same  sample  annealed  at  higher  temperatures.  These  spectra  were  measured  just 
after  thermal  annealing  (dotted  spectra)  and  several  days  after  thermal  annealing  was 
performed  (solid  spectra).  The  data  labeled  (1)  in  Fig.  28(c)  show  the  total  integrated 
areas  of  CH  LVMs  in  sample  (C)  tested  just  after  each  annealing  treatment.  While  the 
data  for  the  integrated  areas  labeled  (2)  in  this  figure  were  obtained  after  annealing  the 


Wave  number  ( cm'  ) 

Fig.  28.  (a)  Local 

vibrational  modes  spectra 
of  CH  complexes 
measured  at  77 K  in  Mg- 
doped  Alo.4Gao.6N  sample 
measured  after  thermal 
annealing  at  Ta=300, 
400,  and  550  °C.  (b)  The 
same  as  (a)  but  Ta=700, 
850,  and  900  °C.  The 
dotted  lines  represents 
the  spectra  measured  just 
after  thermal  annealing 
while  the  solid  lines 
represent  the  spectra 
measured  several  days 
after  thermal  annealing, 
(c)  Total  integrated  areas 
of  C-H  LVMs  measured 

for  the  Mg-doped  Alo.4Gao.6N  sample.  Data  labeled  (1)  were  obtained  after  thermal 
annealing  and  data  labeled  (2)  were  obtained  several  days  after  thermal  annealing.  The 
number  of  hours  in  the  graph  represents  the  waiting  periods  used  to  measure  the  spectra 
after  thermal  annealing. 
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samples  and  waiting  for  periods  of  170  hours  or  higher  as  indicated  in  the  figure.  The 
data  labeled  (1)  in  Fig.  28(c)  clearly  show  an  increase  in  the  total  integrated  area  as  the 
annealing  temperature  is  increased  from  0  to  300  °C.  As  Ta  is  increased  above  300  °C, 
the  integrated  area  starts  to  decrease  and  essentially  vanished  at  Ta  above  600  °C.  But 
then  the  CH  LVMs  seem  to  recover  after  waiting  for  a  period  of  170  hours  or  higher  as 
indicated  in  the  data  labeled  (2). The  LVMs  spectra  of  sample  (C)  in  Fig.  28(b)  were 
obtained  just  after  each  annealing  (dotted  spectra)  and  after  waiting  for  a  period  of 
several  days  (solid  spectra)  at  Ta  =  700  (spectra  1),  800  (spectra  2)  and  900  °C  (spectra  3). 
It  is  obvious  that  a  partial  recovery  of  CH  LVMs  occurs  when  the  samples  were  tested 
one  week  after  thermal  annealing.  It  is  also  noted  that  the  general  trend  is  that  the  total 
integrated  areas  of  the  C-H  LVMs  is  decrease  as  the  annealing  temperature  is  increased 
above  300  °C  for  both  before  and  after  the  aging  [see  Fig.  28(c)]. 

It  is  known  that  atomic  hydrogen  is  a  fast  diffuser  and  can  effectively  interact 
with  defects  in  the  host  crystals.  Theoretical  studies  based  on  the  density  functional 
approach  within  the  local  density  approximation  for  wurtzite  and  zinc-blende  lattices  have 
indicated  that  the  dominant  charge  state  of  atomic  hydrogen  in  interstitial  solution  in  GaN 
is  H+  or  H'  depending  upon  the  positions  of  the  Fermi  level,  with  H°  always  being  less 
stable.35"38  H+  is  the  lowest  energy  state  in  p-type  GaN  and  H"  is  the  lowest  state  in  n- 
type  GaN.  H+  and  H°,  on  the  other  hand,  are  found  to  be  much  more  mobile  than  H". 
These  studies  also  indicate  that  H  can  form  complex  structures  by  binding  with  neutral 
dopants  such  Mg  acceptor  or  Si  donor  on  the  Ga  sublattice  as  well  as  with  residual 
impurities  such  as  C.  Hydrogen  can  also  be  in  the  form  of  multi-atomic  hydrogen  related 
centers  (H2,  C-Hn,  n=  1,2,3  etc.).  Neutral  interstitial  molecular  H2  has  a  lower  formation 
energy  than  all  three  atomic  states  and  was  predicted  to  be  energetically  preferred  for  a 
limited  range  of  Fermi  energies  near  the  middle  of  the  band  gap.  Calculation  also 
indicates  that  clustering  of  hydrogen  atoms  might  occur  in  p-type  GaN.  Energetic  ion 
bombardment  can  produce  gallium  (VGa)  and  nitrogen  (VN)  vacancies  and  interstitial  by 
atomic  collisions.  The  energetic  H  will  initially  come  to  rest  at  sites  with  local  energy 
minima.  Depending  on  its  mobility,  H  will  either  remain  at  metastable  sites  or  move  to 
lower  energy  sites  at  lattice  defects  or  dopants.  In  the  parallel  system  of  AlGaN,  we 
assume  that  hydrogen  states  have  the  same  behaviors. 

In  GaN,  carbon  most  likely  occupies  the  nitrogen  site.  The  C-H  defect  complexes 
formed  when  hydrogen  passivates  substitutional  Cn  in  GaN.  Hydrogen  has  been  found  to 
be  located  at  a  bond-center  site  between  the  C  and  the  neighboring  Ga  atoms  as  is  the 
case  for  GaAs  and  InAs.  The  experimental  results  shows  that  the  CHn  LVM  frequencies 
in  AlGaN  are  similar  to  that  in  GaN  thin  film.  This  proves  that  C-H  complexes  in  AlGaN 
have  the  same  atomic  configuration  similar  to  that  in  GaN.  The  present  experimental 
result  show  a  slight  difference  in  the  LVM  frequencies  of  the  C-H  complexes  in  AlGaN 
as  compared  to  those  in  GaN.  This  difference  is  expected  since  A1  atoms  were  added  to 
the  crystal,  and  consequently  the  atomic  structure  around  C-H  complexes  in  AlGaN  is 
different  from  that  of  GaN  due  to  the  fact  that  LVMs  are  highly  sensitively  to  the 
surrounding  atomic  structures.  Additionally,  we  observed  that  LVMs  frequencies  in 
AlGaN  are  sample  dependent.  This  sample  dependency  could  be  explained  in  terms  of 
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the  presence  of  dislocations.  The  strains  associated  with  dislocation  are  usually  sample 
dependent  and  can  affect  the  LVMs  in  a  way  that  their  frequencies  are  sample  dependent. 

In  the  formation  of  C-H„  (n=l,2,3),  n  bonds  of  C-Ga  need  to  be  broken  for  the 
hydrogen  to  be  incorporated.  It  is  obviously  that  more  energy  is  needed  if  more  C-Ga 
bonds  are  broken.  Therefore,  after  the  implantation  of  proton,  the  possibility  to  form  C-H 
complexes  is  much  larger  than  that  of  forming  C-H2  and  C-H3,  however  we  observed  in 
all  the  samples  tested  in  this  proton  irradiation  study  that  the  concentration  of  C-H3  is 
much  higher  than  the  concentration  of  C-H2  and  C-H.  This  leads  to  the  assertion  that 
hydrogen  prefers  to  form  C-H3  in  proton  irradiated  AlGaN.  A  possible  explanation  for 
this  behavior  is  that  there  is  a  substantial  number  of  Voa  in  the  vicinity  of  Cn-  This  is 
quite  possible  since  the  energetic  proton  bombardment  can  produce  Voa  by  atomic 
collisions,  which  is  a  good  background  to  form  C-Hn  for  n  >  1  before  VGa  is  annihilated. 

In  Fig.  26,  we  have  shown  the  total  integrated  areas  of  CH  LVMs  as  a  function  of 
irradiation  dose  for  the  three  different  samples  (undoped,  Mg-doped  and  Si-doped).  The 
LVM  results  qualitatively  provide  useful  information  on  the  concentration  of  carbon 
impurity  and  the  C-H  complexes  formation  rate  with  proton  irradiation  dose.  For 
different  samples,  it  is  obviously  that  they  have  different  concentration  of  carbon 
impurity.  For  example,  if  a  samples  contains  a  large  concentration  of  C  and  by  adding  H+ 
though  irradiation,  one  would  expect  to  observe  an  increase  in  the  concentration  of  the  C- 
H  complex  defect.  This  is  demonstrated  in  Fig.  6.  In  particular,  the  data  labeled  (2) 
indicate  that  this  sample  contains  a  larger  carbon  concentration  as  compared  to  the  other 
two  samples.  For  samples  such  as  the  undoped  and  Si-doped  samples,  the  carbon 
concentration  seems  to  be  much  lower  as  judged  by  the  formation  of  the  C-H  complex 
defects.  The  reduction  of  the  total  integrated  areas  in  the  latter  two  samples  [data  labeled 
(1)  and  (3)]  might  be  due  to  the  decomposition  of  the  C-H  complexes  by  proton 
irradiation.  This  process  is  quite  feasible  in  samples  where  the  carbon  atoms  are 
completely  compensated.  Hence,  excess  proton  irradiation  will  cause  partial  dissociation 
of  C-H  complexes.  For  the  Mg-doped  AlGaN  samples,  the  dominant  charge  state  of  H  is 
H+  which  is  a  faster  diffuser,  therefore,  part  of  the  H+  will  form  neutral  complex  with  Mg 
acceptor  and  part  of  H+  will  be  attracted  by  the  CN  which  is  also  an  acceptor.  If  a  VGa, 
which  is  an  acceptor  with  negative  charge  state,  is  near  Cn,  it  may  enhances  the  chances 
of  forming  C-H  complexes  since  H+  prefer  to  attach  itself  to  dangling  bonds  available  at 
the  vacancy  site.  For  Si-doped  samples,  the  dominant  charge  state  of  H  is  H'  which  is  less 
mobile  compare  to  its  other  two  atomic  states.  The  formation  of  the  C-Hn  (n=l,2,3) 
complexes  by  the  diffusion  of  H‘  towards  substitutional  carbon  is  unlikely  in  n-type 
AlGaN  since  both  are  ionized  acceptors  whose  negative  charges  repel  one  another.  The 
VGa  near  Cn  will  also  repel  H\  For  the  undoped  samples,  major  part  of  the  energetically 
H  atoms  diffuse  and  combine  with  carbon  to  form  C-H  complexes.  From  this  discussion, 
it  is  clear  that  C-H  complexes  as  judged  from  the  intensity  of  their  LVMs  are  formed 
with  higher  rates  in  the  proton  irradiated  undoped  as  compared  the  Mg  and  Si-doped 
samples.  Figure  26  clearly  show  that  formation  rate  of  C-H  complexes  in  the  Si-doped 
sample  is  much  lower  than  that  in  updoped  and  Mg-doped  samples. 

Figure  28  (a)  and  (b)  show  the  thermal  annealing  effect  on  C-H  LVMs.  The 
asymmetrical  stretching  mode  of  CH3  is  affected  dramatically  by  thermal  annealing  as 
compared  to  other  stretching  modes  of  CH2  and  CH.  This  means  that  CH3  is  thermally 
unstable.  It  is  observed  from  Fig.  28(c)  that  the  LVMs  integrated  area  of  C-H  complexes 
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in  Mg-doped  sample  is  increased  with  increasing  annealing  temperature  and  it  reaches  a 
maximum  value  after  annealing  the  sample  at  300  °C.  This  proves  that  C-H  complexes  in 
AlGaN  are  stable  below  300  °C.  Thermal  annealing  at  Ta  <  300  °C  seems  to  help  the 
formation  of  C-H.  The  C-H  LVM  intensities  decrease  after  thermal  annealing  treatment 
at  Ta  >  300°C  due  to  the  dissociation  of  C-H  complexes.  After  the  thermal  dissociation  of 
C-H  complexes,  H  either  lose  an  electron  and  becomes  H+,  which  could  have  a  higher 
probability  of  recombining  with  C'  and  reforming  the  passivated  complexes,  or  it 
captures  a  second  electron  to  form  H\  This  of  course  will  not  recombine  with  C',  and  it 
is  likely  to  migrate  further  away  due  to  Coulomb  repulsion  and  could  eventually  form 
either  a  molecule  by  combining  with  an  H+  or  a  larger  H  cluster  or  aggregate.  C-H 
complexes  seem  to  be  completely  depleted  at  Ta  >  600°C. 

To  illustrate  that  the  observed  LVMs  are  due  to  C-H  complexes,  we  cut  two 
pieces  from  an  Al0.2Ga0.sN  wafer  and  one  piece  was  irradiated  with  1  MeV  protons  and 
the  other  was  irradiated  with  IMeV  electrons  (dose  =  lxl017cm‘2).  The  results  are  shown 
in  Fig.  29.  The  solid  line  is  the  spectrum  obtained  from  the  samples  before  irradiation, 
the  dashed  line  is  the  spectrum  obtained  for  the  proton  irradiated  sample,  and  the  dotted 
line  is  the  spectrum  obtained  from  the  electron  irradiated  sample.  It  is  clear  that  proton 
irradiation  increases  the  formation  of  C-H  complexes  as  judged  by  the  large  increase  in 
the  stretching  mode  frequency  of  the  CH3  complex.  An  increase  of  the  stretching  mode 
frequencies  for  CH2  and  CH  is  also  observed.  However,  the  electron  irradiated  sample 
shows  a  noticeable  decrease  in  the  CH3  stretching  mode.  This  clearly  demonstrates  that 
electron  irradiation  break  up  the  CH3  complex  in  good  agreement  with  others.  There  is 
an  increase  of  the  CH2  and  CH  concentrations  in  the  electron  irradiated  sample  as  seen 
from  the  increase  in  the  area  under  the  LVMs  stretching  modes.  This  is  most  likely  due  to 
the  fact  that  CH3  is  decomposed  into  C,  H,  CH,  and  CHz.  This  behavior  is  observed  in 
several  samples.  Additionally,  Hall  effect  measurements  show  a  slight  increase  in  the 
carrier  concentration  in  the  electron  irradiation  samples.  This  does  not  seems  to  be 
universal  since  a  few  samples  show  a  slight  decrease  in  the  carrier  concentration  after 
electron  irradiation. 


Wave  number  ( cm’1 ) 


Fig.  29.  Local  vibrational  modes 
spectra  measured  for  two 
samples  cut  from  the  same 
AlojGao.&N  wafer.  The  solid  line 
is  the  spectrum  obtained  for  both 
samples  before  irradiation ,  the 
dashed  line  represents  the 
spectrum  obtained  for  the  proton 
irradiated  sample 

(dose=6xl016cm2),  and  the 
dotted  line  represent  the 
spectrum  obtained  for  the 
electron  irradiated 

(dose-lxlOI7cm~2)  sample . 
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In  this  section  we  presented  the  local  vibrational  modes  spectra  of  C-H  complexes 
in  proton  implanted  AlGaN  grown  by  MOCVD  technique.  Five  distinctive  C-H  LVM 
frequencies  were  observed  around  2848,  2870,  2904,  2916  and  2960  cm  *,  which  are 
slightly  different  from  those  observed  in  GaN,  are  related  to  stretching  symmetrical  and 
asymmetrical  vibrational  modes  of  CHn  (n=l,2,3).  The  evolution  of  the  integrated  areas 
of  CH  LVMs  in  proton  irradiated  samples  is  presented  as  function  of  irradiation  dose.  In 
the  Mg-doped  AlGaN  sample,  hydrogen  atoms  (proton)  seem  to  continue  to  form  C-H 
complexes  without  reaching  the  saturation  stage  in  the  whole  irradiation  dose  used  in  this 
study.  This  may  be  due  to  the  fact  that  carbon  is  present  with  a  high  concentration.  Si- 
doped  samples  on  the  other  hand  show  a  slight  increase  in  the  CH  LVM  intensities  as  the 
dose  is  increased.  Thermal  annealing  at  temperature  around  500°C  is  sufficient  enough  to 
dissociate  most  of  the  C-H  complexes  in  AlGaN  thin  film.  However,  a  partial  recovery 
of  the  CH  LVMs  is  observed  in  thermally  annealed  samples  at  Ta  >  500  °C.  This 
intriguing  behavior  is  explained  in  terms  of  C-H  recombination,  which  strongly  suggests 
that  H  atoms  remain  trapped  in  the  sample  even  after  C-H  decomposition.  However,  the 
integrated  areas  of  the  C-H  LVMs  are  decreased  after  thermal  annealing  and  aging  as  the 
annealing  temperature  is  increased.  While  proton  irradiation  cause  a  drastic  increase  in 
the  CH3  LVM,  electron  irradiation  cause  the  opposite  effect  suggesting  strongly  that  the 
observed  LVMs  are  truly  due  to  CH  complexes. 
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